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Abstract
Insulin resistance (IR) is thought to be a major aetiological factor in the
development in type II diabetes and the Metabolic Syndrome, yet the underlying
mechanisms behind IR remain unknown. Both resistance (RT) and aerobic (AT)
exercise training lead to an increase in insulin sensitivity (IS), however it is uncertain
as to whether the effect of exercise on IS extends beyond the last exercise bout and
which mode of exercise (RT or AT) is most beneficial. A human exercise intervention
trial comparing the effect of RT and AT on insulin sensitivity measured 72 hours after
the last exercise bout was used to examine the two previous questions. The oxidative
capacity of the muscle and the membrane phospholipid fatty acid composition are
considered possible mechanisms relating exercise and IR. Both of these were
measured to see if the changes in IS parallel these proposed mechanistic markers.

A previous animal study has shown that exercising rats have lower levels of
unsaturated fatty acids in their membranes compared to sedentary rats, suggesting that
exercise may have a negative effect on one of the possible mechanisms related to IS.
This thesis set out to replicate this finding in animals and determine if the same
relationship is seen in humans. Also diet composition was monitored in both rats and
humans to determine if exercise induced changes in membrane phospholipid fatty
acid composition have an effect on dietary intake.

The first study performed was a human exercise intervention trial. 20 healthy
sedentary males aged between 30 and 55 years were randomly allocated into either an
AT group or RT group. Both groups exercised for 10 weeks, 3 times per week for 45
minutes each session. Total amount of work (kJ) performed during each training
session was matched for both groups. Following training fasting insulin levels (ln
transformed) did change significantly (p≤0.05) in both groups (2.8 ± 0.11 to 2.58 ±
0.13, AT: 2.67 ± 0.14 to 2.59 ± 0.17, RT) with the reduction in the AT group

appearing to be greater than the RT group. Peripheral IS, measured by
hyperinsulinemic euglycemic glucose clamps, did not change significantly over the
training period in either group (4.3 ± 0.3 to 4.8 ± 0.7, AT: 4.4 ± 0.9 to 4.2 ± 0.8, RT

v

mg.kg-1.min-1). Hepatic insulin resistance, indexed by HOMA-R,

reduced

significantly in both groups over the training period (1.3 ± 0.1 to 1.1 ± 0.1, AT: 1.3 ±
0.2 to 1.2 ± 0.2, RT). Citrate Synthase activity in skeletal muscle increased

significantly in both groups over the training period (12.3 ± 1.3 to 17.4 ± 1.1, AT:

12.2 ± 0.8 to 15.1 ± 0.9, RT µmol.min-1.g-1). Unsaturation index (UI) a measure of
membrane fluidity, increased significantly in both groups (157.7 ± 3.8 to 163.4 ± 3.4,

AT: 142.6 ± 10.4 to 150.5 ± 8.9, RT). Both groups exhibited a significant decrease in

poly-unsaturated fatty acid (PUFA) consumption (14.6 ± 1.9 to 13.0 ± 0.9, AT: 20.9 ±

2.2 to 16.3 ± 0.9, RT % of total fat intake) and a significant increase in saturated fatty

acid (SFA) consumption (47.46 ± 2.1 to 48.14 ± 1.3, AT: 39.6 ± 3.1 to 44.6 ± 2.0, RT
% of total fat intake).

The 10 week exercise programs in humans had no effect on peripheral IS 72
hours after the last exercise bout, indicating that the effect of exercise on peripheral IS
is an acute one. However there was a significant decrease in hepatic IR over the
training period in both groups 72 hours after the last exercise bout. In addition the
majority of this effect appeared to occur in the AT group. The therapeutic implication
of this finding is that for maximum effect on insulin sensitivity individuals should
exercise more frequently than every 72 hours and that their program should be based
on AT. An anecdotal observation made by the author of this thesis was that the RT
program was much better received than the AT program. Therefore the inclusion of
RT may improve compliance in an exercise training program.

No strong relationship between changes in skeletal muscle citrate synthase
and IS was found. A favourable change in the membrane phospholipid fatty acid
composition of both groups, as indicated by an increase in the UI of both groups was
not related to changes in IS. Thus the oxidative capacity of the muscle and the fluidity
of the skeletal muscle membrane may not be central mechanisms in the relationship
between IS and exercise.

The animal exercise study saw 12 female Wistar rats randomly allocated into 2
groups, a sedentary control group (SED; n=6) and an exercise group (EX; n=6),
performing voluntary wheel cage running. Rats in both groups had adlibitum access to
2 diets which were identical except for fat composition, with one diet high in
vi

saturated fat and the other high in unsaturated fat. The exercise period lasted for 34
days with an eight day baseline period. Upon conclusion all rats were fasted for 24
hours, killed and their red quadriceps extracted.
The UI of the EX group (214 ± 5.5 EX) was significantly lower than the SED

group (232.2 ± 3.5 SED). During baseline, diet preference between the two groups did

not differ, however during the exercise period the EX group consumed significantly
more of the unsaturated fat diet (62.9 ± 7.1 – 59.5 ± 5.4, SED; 65.1 ± 5.2 – 71.7 ± 5.3,
EX; % intake). Distance ran was shown to have an effect on dietary intake with the
greater the distance ran the more unsaturated diet consumed (F(1,9) = 5.29, P =
0.024).

Both the human and rat studies showed a significant change in dietary intake
in response to the exercise training. The rat study showed that exercise lead to an
increase in the consumption of unsaturated fatty acids. An intriguing possibility for
this change in diet intake is that the rats, driven by some intrinsic drive were
attempting to replenish their membranes. In humans the opposite occurred with a
decrease in PUFA consumption and an increase in SFA consumption. This could
suggest that no such intrinsic drive exists in humans. However instinctual dietary
choices of the human subjects may have been altered by social and media influences
promoting reduced total fat consumption. An unintended and potentially deleterious
consequence of this may be a selective reduction in intake of the more visible PUFA
component of dietary fat.
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CHAPTER 1. INTRODUCTION
1.1 Prevalence and effect of Type II Diabetes Mellitus
Whole-body glucose homeostasis is maintained by a careful balance between
hepatic

glucose

production

and

cellular

glucose

uptake

and

metabolism

[DeFronzo,1987]. The disturbance of whole-body glucose homeostasis is the major
defining features of type II diabetes. Type II diabetes mellitus is by far the most
common form of diabetes, accounting for 80-90% of all cases [Eriksson,1999]. By
1995, it was estimated that almost 500,000 living Australians had been diagnosed
with diabetes, 85% of these being Type II diabetes [Welfare,1999]. As the mean age
of the population rises, it is predicted that approximately 1 million Australians will
have diabetes by the year 2010 [Welfare,1999]. In addition to reducing life
expectancy, diabetes also greatly reduces quality of life. Many diabetics suffer longterm complications such as neuropathy, nephropathy, renal failure, foot ulcers, lower
limb amputations, and eye disorders. Type II diabetes imposes an enormous social,
public health, and economic burden.

1.2 Role of Insulin Resistance in Type II Diabetes Mellitus
Insulin resistance is a major aetiological factor in development of type II
diabetes [Reaven,1988b]. Insulin resistance is defined as a sub-optimal biological
response to insulin [DeFronzo & Ferrannini,1991]. Even though the pancreas
produces and secretes functional insulin molecules, the tissues of the body do not
respond appropriately to the insulin stimulus. The precise molecular mechanisms
responsible for the onset of insulin resistance remain unknown.
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Both cross-sectional and longitudinal human studies have demonstrated the
appearance of insulin resistance in the presence of increased insulin production prior
to the development of Type II diabetes [Lillioja et al.,1988; Eriksson et al.,1989;
Warram et al.,1990]. To compensate for diminished insulin responsivity, subject’s
exhibit augmented pancreatic beta-cell secretary function. Similar findings have been
found in animal studies. For example, Hansen and Bodkin [Hansen & Bodkin,1986]
observed that insulin resistance antedates insulin deficiency in the development of
Type II diabetes in obese rhesus monkeys.

In addition to type II diabetes, insulin resistance has been associated with
another condition known as the Metabolic Syndrome. The Metabolic Syndrome is
generally recognised as a multifaceted syndrome defined by the presence of a number
of the following: insulin resistance, hypertension, dyslipidemia, impaired glucose
tolerance, and obesity [Eriksson et al.,1997]. It has been hypothesised that insulin
resistance is the link between the various disorders in the syndrome [Reaven,1988b;
Barnard & Wen,1994; Eriksson et al.,1997].

In order to prevent and successfully treat both Type II diabetes and Metabolic
Syndrome, a greater understanding of the mechanisms involved in insulin resistance is
needed.

1.3 Mechanisms of Insulin action
1.3.1 Glucose transport
As glucose is a hydrophilic molecule it cannot readily cross the lipid bilayers
that make up cell membranes, therefore a carrier is needed so that glucose can enter
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the cells of the body. The transport of glucose into the cell is achieved by facilitated
diffusion down glucose-concentration gradients, a process that does not require
energy. Glucose is shuttled into the cell by the use of a family of transporter proteins.
They have distinct substrate specificities, kinetic properties and tissue distributions
that control their functional roles [Shepherd & Kahn,1999]. Salient tissue distribution
and function of the 6 major known members of the glucose transporter family is
outlined in Table 1.1.

Table 1.1 Glucose transporters and their function

Glucose
Transporter

GLUT-1

GLUT-2

GLUT-3

GLUT-4

GLUT-5

GLUT-7

Function
Is thought to be the glucose transporter responsible for basal rates of
glucose transport in many cells, including muscle [Richter,1996]. In
accordance with this, the GLUT-1 transporter is not translocated to
the plasma membrane as a result of muscle contraction and/or insulin
stimulation [Douen et al.,1990; Goodyear et al.,1991; Ploug et
al.,1992]. However it has been demonstrated in adipose tissue that
the presence of GLUT-1 at the membrane increases significantly with
insulin stimulation [Zorzano et al.,1989; Holman et al.,1990]
Is mainly expressed in the liver and the pancreatic â-cells. It has a
high Km which results in rapid glucose transport into the liver and âcells, so rapid that glucose transport is almost linearly dependent on
blood glucose concentration [Richter,1996]
Is mostly expressed in the central nervous system. The low Km of
GLUT-3 ensures that there is an almost constant supply of glucose,
even during fluctuations in plasma glucose concentrations
[Richter,1996]
Is expressed almost exclusively in adipose tissue and cardiac and
skeletal muscle. GLUT-4 is regulated by insulin and muscle
contraction [Richter,1996]
Is expressed mainly in the small intestine, however it is also found in
small amounts in skeletal muscle. The main function of GLUT-5 is as
a fructose transporter
Is expressed in the liver. Its role is to transport newly formed glucose
out of the endoplasmic reticulum, so it then can leave the liver
[Richter,1996]
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As muscle is the major site of insulin-stimulated glucose disposal, GLUT-4 is
thought to be the most relevant glucose transporter in terms of whole body insulin
resistance [DeFronzo,1997]. The precise mechanisms behind the stimulation of the
intracellular GLUT-4 pool, which result in GLUT-4 translocation are not clear. In
skeletal muscle and adipocytes, GLUT-4 is recycled between intracellular storage
pools and the plasma membrane. In the unstimulated state (absence of insulin or
muscle contraction) about 90% of the total GLUT-4 content is isolated in intracellular
storage vesicles [Gould & Holman,1993; Kandror & Pilch,1996]. In response to
insulin or muscle contraction, vesicles containing GLUT-4 move from these
intracellular storage vesicles to the plasma membrane, and in skeletal muscle, to the
transverse tubules as well. The vesicles fuse with the plasma membrane, increasing
the number of GLUT-4 molecules in the membrane. The overall effect is a rise in the
maximal velocity of glucose transport into the cell [Gould & Holman,1993; Kandror
& Pilch,1996]. Upon the removal of insulin stimulation or muscle contraction, GLUT4 is internalised from the plasma membrane back to the intracellular vesicles
[Shepherd & Kahn,1999].

1.3.2 Insulin Signalling

The uptake of glucose into insulin sensitive cells is stimulated by insulin
(Figure 1.1). Insulin affects a cell by binding to a specific receptor molecule on the
surface of the target cell. The insulin receptor is composed of two alpha (á) and two
beta (â) subunits. The two are linked by disulfide bonds to form a á2â2
heterotetrameric complex [Pessin & Saltiel,2000]. The á subunits are extra-cellular
and contains the insulin binding site. The â subunits are embedded in the cell
membrane and each consists of 3 functional domains: the extra-cellular domain that is
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associated with the á subunit; the membrane spanning domain; and the intracellular
domain which possesses tyrosine kinase activity and is responsible for intracellular
signal transduction.

The binding of insulin to the extracellular á subunit of the receptor results in
autophosphorylation of tyrosine residues in the â subunit. This leads to the activation
of tyrosine kinase intrinsic to the â subunit [Kasuga et al.,1982]. The activation of
tyrosine kinase induces the phosphorylation of nonreceptor proteins [Petruzzelli et
al.,1982; Yu & Czech,1984], including insulin receptor substrate-1 (IRS-1) [Sun et
al.,1991].

The tyrosine phosphorylated IRS-1 molecule then acts as a docking protein for
downstream signalling molecules. In both skeletal muscle and adipocytes activation
of phosphoinositide-3 kinase (PI-3 kinase) is necessary for glucose transport by
insulin [Holman & Kasgua,1997; Shepherd et al.,1998]. The IRS-1 molecule docks
with the p85 regulatory subunit of PI3-kinase, which then activates the p110 catalytic
subunit of PI3-kinase [Henriksen,2002].

The target of PI-3 kinase action is somewhat controversial. It is thought that
two classes of serine/threonine kinases act downstream of PI-3 kinase. These are the
serine/threonine kinase Akt, also referred to as protein kinase B (PKB), and the
atypical protein kinase C isoforms æ and ë (PKC æ / ë) [Nakanishi et al.,1993;
Standaert et al.,1997; Pessin & Saltiel,2000].
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It is thought that PI3-kinase activates these other kinases by generating
phosphatidylinositol lipid products in the lipid bilayer of the cell membrane. Some of
these

are,

phosphatidylinositol

3,4

biphosphate

[PtdIns(3,4)P2]

and

phosphatidylinositol 3,4,5 triphosphate (PtdIns(3,4,5)P3) [Hajduch et al.,2001], these
lipids are second messengers which enable phosphoinositide-dependent kinase 1
(PDK) to phosphorylate and activate protein kinase B (PKB) and atypical protein
kinase C isoforms æ and ë (PKC æ / ë) [Alessi et al.,1997; Le Good et al.,1998;
Hajduch et al.,2001].

From here it is thought that the expression of active forms of PKB or atypical
isoforms of PKC, leads to intra-cellular translocation of GLUT-4 (a glucose
transporter) to the plasma membrane [Standaert et al.,1997; Kohn et al.,1998; Kotani
et al.,1998]. How exactly this occurs is unknown as the substrates for PKB and PKCs
involved in glucose transport are unidentified. What is known is that PKB
phosphorylates and thereby inactivates glycogen synthase kinase-3 (GSK-3). GSK-3
inhibits glycogen synthase (GS) activity in muscle, and the inhibition of GSK-3 leads
to conversion of intracellular glucose into glycogen [Cross et al.,1995; Cohen et
al.,1997; Braiman et al.,1999; Braiman et al.,1999b; Schmitz-Pieffer,2000].

It has been shown that exercise can stimulate the translocation of GLUT-4 to
the plasma membrane and increase the amount of glucose transported into the cell,
independent of insulin [Goodyear & Kahn,1998]. The effect of exercise on glucose
uptake does not rely on the insulin signalling described above, in that PI3-kinase
activity is not required for exercise to stimulate glucose uptake. Instead it is thought
that the activation of 5’-AMP-activated kinase is central to this effect. However the
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precise mechanism behind this is unknown [Hayashi et al.,1998]. The main focus of
this thesis is not how exercise stimulates immediate glucose uptake, but rather, if
exercise has a prolonged effect on insulin sensitivity through the insulin signalling
pathway outlined in figure 1.1.
á

Insulin

á

â

â

Insulin Receptor

IRS-1
PI (4,5)P2
P85 P110
Glucose

PI 3-kinase
PI (3,4,5)P3

GLUT-4

GLUT-4

aPKC

PDK

PKB
Glucose

Figure 1.1 Insulin signaling process leading to the increased uptake of glucose

1.3.3 Fate of Glucose in the cell

This section will focus on the metabolism of glucose in the muscle and the
liver, as well as the output of glucose from the liver, as the fate of glucose is thought
to impact on insulin action. In addition both of these processes are important in type II
diabetes as nearly 90% of insulin-mediated glucose uptake occurs in peripheral tissues
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[DeFronzo,1987] and excessive hepatic glucose production contributes significantly
to elevated glucose levels [DeFronzo et al.,1992].

When glucose is transported into the cell it is phosphorylated to form glucose
6-phosphate. In most tissues, including muscle this is an irreversible reaction, but not
in the liver (and some other tissues like the renal cortex). The liver contains a
hydrolytic enzyme, glucose 6- phosphatase, which converts glucose 6-phosphate back
to glucose, which can equilibrate rapidly with blood due to high levels of GLUT-2 in
the liver. This allows the liver to maintain a relatively constant level of glucose in the
blood during and after muscular activity and between meals. Glucose 6-phosphatase is
needed as glucose 6-phosphate does not readily diffuse out of the cell, while glucose
can [Stryer,1995].

In the muscle and liver there are a number of ways in which glucose 6phosphate can be metabolised: 1) non-oxidative glucose disposal; 2) oxidative glucose
disposal; 3) fatty acid synthesis and 4) hexosamine synthesis. Also glucose can be
released from the liver through the (5) breakdown of liver glycogen or via (6)
gluconeogenesis in which pyruvate is converted to glucose-6-phosphate.

1) Non-oxidative glucose disposal consists of two main areas, glycogen storage and
lactate production. Glycogen is a large branched polymer of glucose residues. It is
formed from glucose 6-phosphate in the liver and muscle and is stored within these
tissues. The process of glycogen formation begins with the conversion of glucose 6phosphate to glucose 1-phosphate through phosphate transfer. Glucose 1-phosphate
needs to be activated before it can be incorporated into glycogen. This forms uridine
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diphosphoglucose (UDP-glucose). UDP-glucose then reacts with the glycogen
molecule ((glucose)n) to add another glycosyl residue in the presence of glycogen
synthase.

When oxygen is not present during glycolysis pyruvate is converted to lactic
acid, which provides ATP to be used as energy. Some of the lactic acid produced by
the exercising muscles is delivered by the blood to the liver, where it undergoes
gluconeogenesis. During gluconeogenesis lactic acid dehydrogenase converts lactic
acid to pyruvate which is then converted to glucose 6-phosphate, and then can be
converted to glycogen or transported back to the exercising muscle via the circulation
(Figure 1.2).

2) Glucose 6-phosphate can undergo oxidative metabolism. This begins with
glycolysis, which is the sequence of reactions that converts a molecule of glucose to
two molecules of pyruvate, with the concomitant production of a relatively small
amount of ATP. Glycolysis does not require the presence of oxygen and is the
beginning of both aerobic and anaerobic respiration.
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Hexokinase

Glucose

Glucose-6-Phosphate
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Glycolysis
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in the liver
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the liver)

GlcN6P

GFAT

Lactic acid
GlcN1P
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Pyruvate

Acetyl CoA

Malonyl
CoA
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2
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DAG
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Figure 1.2: Fate of glucose in the cell (MAG = Monoacylglycerol, DAG =
Diacylglycerol, TAG = Triacylglycerol)
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In the presence of oxygen pyruvic acid leaves the cell cytoplasm and enters
the mitochondria. In the mitochondria pyruvic acid is converted to acetyl coenzyme
A. Acetyl coenzyme A (Acetyl CoA) then enters a cyclic metabolic pathway called
the Krebs cycle. This cycle produces a number of reduced coenzymes that are
involved in two other processes, namely, electron transport and oxidative
phosphorylation. These two processes generate a large amount of energy in the form
of ATP (Figure 1.2).

3) When there is an oversupply of dietary carbohydrate, the excess carbohydrate is
converted to triacylglycerol. This process is called lipogenesis and involves the
synthesis of fatty acids from acetyl-CoA and the esterification of fatty acids in the
production of triacylglycerol. The major lipogenic tissues are the liver and adipose
tissue (Figure 1.2).

4) Of the total amount of glucose that is taken up into the cell, approximately 2-3% of
the incoming glucose which is converted to fructose-6-phosphate and enters the
hexosamine biosynthetic pathway [Klip & Paquet,1990; Marshal et al.,1991].
Fructose-6-phosphate can be converted to glucosamine-6-phosphate (GlcN-6P) by the
rate limiting enzyme glutamine: fructose-6-phosphate

amidotransferase (GFAT).

GlcN-6P then enters the hexosamine-biosynthetic pathway and undergoes acetylation
and uridylation. The main end product of this pathway UDP-N-acetyl-glucosamine
(UDP-GlcNAc), serves as a substrate in glycoprotein biosynthesis and its
accumulation provides an index of the amount of carbon flux through the pathway
[Klip & Paquet,1990; Hawkins et al.,1997] (Figure 1.2).
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5) In the liver, glycogen stores can be broken down to glucose-6-phosphate which can
be converted to glucose and released into the circulation (Figure 1.2).

6) Also in the liver, pyruvate can be converted to glucose-6-phosphate through
gluconeogenesis, and subsequently converted to glucose (Figure 1.2).

1.4 Methods used to measure Insulin Sensitivity
The previous material is a review of the biochemical mechanisms which
determine the whole body responses to insulin and the way in which insulin action is
measured. This section will review various measures of insulin action. A clear
understanding of the different measures of insulin action is important, as this thesis
examines the effect of exercise on insulin sensitivity and compares the outcomes to
other studies using similar and varying measures of insulin action.

Insulin sensitivity is defined by the concentration of insulin required to
produce a desired biological response, such as the uptake of glucose into insulinsensitive tissues [Kahn et al., 1978]. The in vivo measurement of insulin sensitivity
can be divided into two main categories, direct and indirect tests. Generally direct
tests measure metabolic responses to exogenous insulin, while indirect tests estimate
the secretion and action of endogenous insulin, usually in response to a glucose
stimulus.
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1.4.1 Direct Measurements
In 1979 Defronzo developed the glucose clamp into the technique that is used
today [DeFronzo et al.,1979]. This technique is considered the “gold standard”
measurement in determining insulin sensitivity, specifically it measures the ability of
insulin (either exogenous or endogenous) to stimulate the disposal of glucose under
steady state conditions. Glucose clamps can be carried out with subjects in either a
euglycaemic or hyperglycemic state.

1.4.1.1 Euglycaemic Glucose Clamp
Glucose clamps are predominantly carried out in a euglycaemic (normal
physiological glucose levels) hyperinsulinaemic (insulin levels elevated to high
physiological or supra-physiological levels) state. Before the commencement of the
glucose clamp a baseline blood sample is taken to determine fasting glucose levels.
Following this insulin is infused intravenously, usually by an exponentially
decreasing bolus, until it reaches a predetermined fixed rate. Infusion is then held at
this rate for the remainder of the clamp. This rate is generally 40 mU/m surface
area-2.min-1, and results in high physiological insulin levels sufficient to suppress
hepatic glucose output [Rizza et al.,1981], but not so high that the infusion rate results
in levels that are physiologically unobtainable.

During the clamp blood glucose levels are measured every 5 minutes, while
glucose is infused at a variable rate in order to maintain a predetermined basal blood
glucose level (usually 4.5 mmol.L-1). Even though keeping blood glucose levels at
basal levels reduces the risk of hypoglycemia and reduces the discomfort of the
subject, basal glucose levels in the presence of persistent hyperinsulinaemia does not
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represent a normal physiological state. This is one of the limitations of the
euglycaemic hyperinsulinaemic glucose clamp.

The sampled plasma glucose levels which are used to calculate the glucose
infusion rate so that the glucose levels remain steady, should be based on the
arterialised blood that perfuses the muscles and organs [McGuire et al.,1976]. This is
necessary as glucose uptake rate is partly dependent on the arterial glucose
concentration. If glucose infusion rate was based on venous blood glucose disposal
will be overestimated. Clamping subjects with different levels of insulin sensitivity at
similar venous glucose levels will result in higher arterial concentrations in the more
insulin sensitive subjects [Walker et al.,1997]. To over come this problem, McGuire
et al established the technique of arterialised venous blood sampling [McGuire et
al.,1976] and showed that glucose levels in arterialised venous blood closely
resembled those found in true arterial blood. To sample arterialised venous blood the
sampling hand is kept warm (approx. 40 to 50 oC) during the clamp and the sampling
catheter is inserted in the vein in a retrograde direction (pointed towards the hand).

The assumptions of the test are: i) hepatic glucose output is nil (studies have
shown that plasma insulin levels ranging from 60 – 90 uU.ml-1, similar to those seen
during an euglycemic glucose clamp, induce the suppression of hepatic glucose output
[DeFronzo et al.,1979; Ferrannini et al.,1987]; ii) urinary glucose loss is insignificant
(provided that steady state glucose levels remain below the renal threshold of 9
mmol.L-1); iii) and that steady state levels of glucose and insulin are reached. When
steady state glucose and insulin levels are obtained it is assumed that glucose infusion
rate (M, mg.kg-1.min-1) equals insulin stimulated glucose utilisation. Under these
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conditions, the effect of insulin is predominantly on the uptake of glucose into skeletal
muscle. Therefore the amount of glucose infused in order to maintain steady glucose
levels is a measure of the net effect of insulin to stimulate peripheral glucose disposal,
and thus gives an indication of an individual’s peripheral insulin sensitivity
[DeFronzo et al.,1979].

As noted, the euglycaemic-hyperinsulinaemic clamp is thought to be the gold
standard measurement of insulin sensitivity. While this technique provides useful
information concerning peripheral, primary muscle, glucose uptake, it does not
represent a normal physiological model, as insulin levels are maintained very high
concentrations, in relation to plasma glucose concentrations.

1.4.1.2 Hyperglycaemic Glucose Clamp

This technique was initially developed to assess insulin secretion and to
examine B-cell function. The hyperglycaemic glucose clamp is conducted at glucose
levels elevated above basal. This is achieved by a decreasing exponential glucose
infusion [DeFronzo et al.,1979] or by a bolus glucose infusion [Ferner et al.,1986].
This infusion stimulates the release of endogenous insulin, the measured insulin
response is used to assess an individuals insulin secretion.

The hyperglycaemic glucose clamp has also been used to assess insulin action,
this is done by examining the glucose infusion rate needed to maintain an elevated
level of glycaemia (usually 7 mmol.L-1 above baseline). It is thought that the infusion
rate of glucose approximately equals the amount of glucose absorbed in the presence
of steady state plasma glucose levels. The test assumes that hepatic glucose
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production is completely suppressed. This is likely as hyperglycaemia is a powerful
inhibitor of hepatic glucose production, also the presence of high insulin levels will
amplify this effect [De Fronzo et al., 1983]. As glucose levels within this test are quite
high and above the renal threshold (> 9.0 mmol.L-1) glucose disposal will need to be
corrected for urinary loss.

A disadvantage of this technique is that endogenous insulin production varies
greatly between individuals. Also as insulin secretion can vary over time, it is often
difficult to obtain steady insulin levels. Studies that directly compare the results of the
hyperglycaemic clamp to the euglycaemic clamp show conflicting results. Some
studies show no correlation between M measured by the two techniques, while others
claim that there is a strong correlation (r = -0.87, p < 0.001) between M measured
during the hyperglycaemic and euglycaemic clamp [Davis et al.,1993].

1.4.2 Indirect Measures
1.4.2.1 Homeostatic Model Assessment

The homeostatic model assessment (HOMA) method is a mathematical model
that provides an estimation of insulin secretion (B) and insulin resistance (R) drawn
from fasting plasma glucose (FPG) and fasting plasma insulin (FPI) levels [Matthews
et al.,1985]. It is based on the following equations:

HOMA – B (insulin secretion)

=

FPI / (FPG – 3.5)

HOMA – R (insulin resistance)

=

FPI * FPG / 22.5
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The attractiveness of this model is that due to its ease of calculation, it is
useful in large studies where direct measures of insulin secretion and resistance are
impractical [Haffner et al.,1996] due to invasiveness and expense. Another advantage
of the HOMA method is that it provides information that cannot be obtained by other
direct and indirect measurements. The HOMA method indexes insulin sensitivity and
insulin secretion under fasting conditions.

Under basal conditions hepatic glucose output is high and the main effect of
insulin is the control of hepatic glucose output, as insulin at fasting levels has little
effect on peripheral tissues. Accordingly, when indexing insulin sensitivity under
basal conditions what is really being indexed is the ability of insulin to suppress
hepatic glucose output. Therefore the HOMA method gives an indication of liver
insulin sensitivity rather than skeletal muscle insulin sensitivity.

Negatively, this technique relies on the accuracy and precision of the insulin
radioimmunoassay, also the effect of stress and exercise on insulin levels and the
likelihood of pro-insulin being measured as insulin, as well as the pulsatility of insulin
secretion, can all affect the accuracy of the measurement. However the estimate of
insulin resistance obtained by the HOMA method has been shown to correlate with
insulin resistance obtained by direct measures such as the euglycemic clamp
[Matthews et al.,1985], also its use in large scale studies is increasing [Haffner et
al.,1996]. In addition smaller (35 subjects) intervention studies have used the HOMA
index to measure changes in insulin action over time [Kriketos et al. 2003].

18

The HOMA method has also been used to measure changes in insulin
resistance in exercise and dietary intervention studies. Miyatake and colleagues used
the HOMA index to examine changes in insulin resistance before and after a 10
month exercise program, in a population of 23 overweight men (BMI 28.5 +/- 1.7),
aged 32-59 years [Miyatake et al. 2003]. The results of the study showed a significant
decrease in the HOMA index following the intervention. In a similar study by
Dumortier et al., exercise training (2 month duration) in an overweight population
resulted in a significant decrease in insulin resistance as measured by the HOMA
index [Dumortier et al. 2003] . In addition, Sciacqua and colleagues placed 39 obese
individuals (BMI = 33.1 +/- 4.2) aged 30-46 years, on a calorie restricted diet and
encouraged them to walk for 30 minutes, 3 times per week for 16 weeks [Sciacqua et
al. 2003]. At the conclusion of the intervention study HOMA values were found to be
significantly reduced.

1.4.2.2 Oral Glucose Tolerance Test

The oral glucose tolerance test (OGTT) is primarily used as a tool for the
diagnosis of diabetes mellitus. The protocol of the test is quite simple. Following a
fasting baseline blood sample, subjects are given a 75g oral glucose load, after which
blood samples are taken at 30, 60, 90 and 120 minutes (this method can vary in length
and timing of sampling, some OGTT are conducted over 3 hours). The collected
blood samples are analysed for glucose levels and these values give an indication of
an individual’s ability to tolerate an oral glucose load.
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By measuring insulin levels as well as glucose levels at these time points, this
test has also been used as a crude measure of insulin sensitivity. The assumption
behind this use is, the greater the insulin response to the glucose load, the greater the
insulin resistance (provided glucose levels remain the same). Caution must be taken
when interpreting results from studies that assess insulin sensitivity with an OGTT as
an OGTT is not an accurate measure of insulin sensitivity. Even though there is a
relationship between elevated insulin levels and insulin resistance, under the
conditions of this test blood glucose levels depend not only on the insulin sensitivity
of the liver and peripheral tissues, but also on insulin secretion, insulin clearance,
distribution volumes for insulin and glucose as well as the absorption capacity of the
gut for glucose [Mikines et al.,1988].

In conclusion it is not possible to use the OGTT to obtain an accurate measure
of insulin action that can be used to compare different subjects or to compare the
same subject under different conditions.

1.4.2.3 Intravenous Glucose Tolerance Test

The advantage that the intravenous glucose tolerance test (IVGTT) has over
the OGTT is that glucose absorption through the gut is no longer a relevant factor.
The IVGTT and the frequently sampled intravenous glucose tolerance test (FSIGT)
were developed to quantify whole-body glucose metabolism and insulin secretion. A
measure of whole body insulin sensitivity (SI) can be calculated from this test and has
been shown to correlate well with M derived from the euglycemic hyperinsulinaemic
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clamp [Galvin et al.,1992]. To determine SI complex data analysis is needed, the
kinetics of glucose and insulin are modelled by computer analysis. The mathematical
models used are reviewed in Walker et al 1997 [Walker et al.,1997].

These techniques (FSIGT and IVGTT) rely on the pancreatic insulin response
to an intravenous bolus injection of glucose for the calculation of SI. The test starts
with the infusion of an intravenous glucose load (300 mg.kg-1) given over one minute.
Prior to this blood samples are collected at –30, -20, -10, -1 minutes. Following the
glucose infusion 25 blood samples are taken over the next 180 minutes. These blood
samples are then analysed for insulin and glucose values, and the values used in the
mathematical modelling of glucose and insulin kinetics.

1.4.3 Summary of measures

Throughout this thesis when discussing studies that have used an euglyceamic
glucose clamp, changes in insulin sensitivity will be referred to as changes in glucose
infusion rate (M). Studies that have used an IVGTT, changes in insulin sensitivity will
be referred to as changes in the insulin sensitivity index (SI). Investigations that have
used an OGTT as a measurement will also be included in this thesis and referred to as
the insulin response to an oral glucose load. Even though the OGTT is not a valid
measure of insulin sensitivity, insulin resistance plays a part in how much insulin is
secreted in response to an oral glucose load, however the results of these studies will
not carry as much weight as studies using more accurate measures such as the glucose
clamp and IVGTT. Changes in insulin resistance determined by the homeostatis
model assessment (HOMA-R) will be referred to as changes in the index of insulin
resistance. When discussing insulin sensitivity this thesis will place greater emphasis
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on the studies that have used a glucose clamp, followed by studies using an IVGTT,
then studies using the HOMA index and finally to studies using an OGTT.

1.5 Relationship between Exercise and Insulin Sensitivity

Exercise has an important role in the control of glucose homeostasis in both
animals and humans [Bogardus et al.,1984; Holloszy et al.,1986; Despres et al.,1988;
Kahn et al.,1990; Barnard & Youngren,1992]. In comparison to untrained individuals,
people who perform regular aerobic exercise are far more insulin sensitive [Lohman
et al.,1978; King et al.,1987; Vestergaard et al.,1994; Hardin et al.,1995].
Furthermore this increased insulin sensitivity has been seen in all three major target
tissues: skeletal muscle, adipose tissue, and the liver [Rodnick et al.,1987; Stallknecht
et al.,2000].

An individual’s activity level has been inversely related to their risk of
developing Type II diabetes [Manson et al.,1991]. Individuals who exercise only once
per week reduce their chances of developing Type II diabetes by up to 33%,
compared to those who remain sedentary [Manson et al.,1991]. Regular exercise has
also been shown to significantly slow the progression from impaired glucose
tolerance into Type II diabetes [Eriksson & Lindgarde,1991; Helmrich et al.,1991;
Manson et al.,1992].

A decline in glucose tolerance is commonly seen with age, [Kohrt et al.,1993]
however, exercise training has been shown to abate and even reverse this downturn
[Tonino,1989; Kirwan et al.,1993; Miller et al.,1994]. This is supported by the fact
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that elderly endurance trained individuals exhibit greater insulin sensitivity than
young untrained subjects [Seals et al.,1984].

Several aspects of the relationship between exercise and insulin sensitivity
remain unclear:
1.

whether exercise has merely an acute effect or a genuine training effect
on insulin sensitivity

2.

the mechanisms by which exercise improves insulin sensitivity

3.

which form of exercise (endurance or resistance training) has the
greatest positive impact on insulin sensitivity

Finding the answers to these questions will not only increase our
understanding of insulin resistance but also assist in determining the appropriate mode
of exercise and dose-response required to significantly improve insulin sensitivity.

1.6 Effect of Aerobic Exercise on Insulin Sensitivity

During acute aerobic exercise there is an increased utilisation of glucose by
the exercising muscles [Lemon & Nagle,1981; Romijn et al.,1993; Goodyear &
Kahn,1998]. However this thesis will focus on what happens to glucose uptake during
the post exercise time period in both aerobic and resistance exercise. Throughout this
thesis when examining the effect of exercise on insulin sensitivity, two types of
exercise training studies will be examined: i) those which put sedentary individuals
through an exercise training program and ii) those which examine athletes that have
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been training for a number of years. This allows the effects of short-term and longterm exercise training to be investigated.

1.6.1 Post Exercise effect of a single bout of Aerobic Exercise on Insulin
Sensitivity

Glucose uptake has been shown to be elevated above normal levels following
a single bout of aerobic exercise [Wahren et al.,1971; Ivy & Holloszy,1981; Devlin et
al.,1987; Mikines et al.,1988]. This effect is thought to act in two phases [Garetto et
al.,1984]. The first phase is due to increased glucose utilisation and glycogen
synthesis that lasts for approximately two hours [Garetto et al.,1984; Young et
al.,1987]. A number of studies have shown that this phase does not require the
presence of insulin [Ivy & Holloszy,1981; Ploug et al.,1984; Richter et al.,1985;
Young et al.,1987]. Ivy and co-workers [Ivy & Holloszy,1981] measured the glucose
uptake in a perfused rat hind-limb muscle 60 minutes following an acute bout of
aerobic exercise. Glucose uptake of the previously exercising limbs was 10-fold
higher than that in limbs of control animals, with glycogen formation being the major
pathway for glucose disposal. This enhanced glucose uptake occurred in the absence
of insulin.

A secondary phase follows the initial increase in insulin-independent glucose
transport. This phase is characterised by the muscle being more sensitive to the effects
of insulin [Garetto et al.,1984] and has been shown to occur in both humans [Devlin
et al.,1987; Mikines et al.,1988; Cartee et al.,1989] and rats [Richter et al.,1982].
However, it is uncertain as to the precise duration of this improved insulin sensitivity.
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A number of studies have shown that acute exhaustive aerobic exercise
increases M, 12 to 24 hours after the exercise bout [Devlin & Horton,1985; Devlin et
al.,1987; Mikines et al.,1989] indicating improved insulin sensitivity. This type of
exercise has also been shown to decrease an individuals glucose levels following an
oral glucose load [Bonen et al.,1998], suggesting increased glucose clearance. Fewer
studies have examined the effects of a single bout of exercise beyond 24 hours.
Mikines and colleagues [Mikines et al.,1988] investigated the effect that a single bout
of extended moderate exercise had on post-exercise insulin-mediated glucose uptake.
Euglycemic hyperinsulinemic clamps were performed at rest, and 48 hours after a
single exercise bout. The authors found that M was significantly greater at 48 hours,
after the acute exercise bout. In support of these findings Perseghin et al. [Perseghin et
al.,1996] showed that acute exercise increased M, 48 hours after the exercise
stimulus, in adult children of parents with Type II diabetes. In contrast to these
findings an acute bout of aerobic exercise has been reported to have no significant
effect on M values 48 hours after the cessation of exercise [Kirwan et al.,1993]. A
possible reason for this contrasting result is that this study used a shorter (30 mins) or
less intense (65% VO2peak) exercise bout in comparison to those showing a significant
improvement.

Table 1.2 is a summary of studies looking at the post exercise effects of a
single bout of aerobic exercise on insulin sensitivity. The results indicate that a single
bout of exercise may possibly increase insulin sensitivity for 48 hours post exercise.
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Table 1.2: Studies examining the post exercise effect of a single bout of aerobic
exercise on insulin sensitivity

Study

Subjects

Exercise
Stimulus

Type of test

Timing

Effect

24 hrs

Significant
decrease in the
glucose area
under the
curve

5 males, BMI =
27, age = 40 –
Bonen, A.
(1998)

Devlin, J.
T.
(1987)

Mikines,
K. J.
(1989)

Devlin, J.
T.
(1985)

Mikines,
K. J.
(1988)

48 yrs
5 females, BMI
= 24, age = 40 –
44 yrs
Subjects healthy
and sedentary
5 NIDDM males,
BF% = 27.8 ±
2.6 %, age 37.6
± 1.8 yrs
6 obese insulin
resistant males,
BF% = 30.4 ±
2.2 %, age 33.8
± 2.3 yrs
6 lean controls,
BF% = 14.5 ±
1.7 %, age 27.8
± 1.9 yrs
All subjects were
sedentary
7 healthy, lean,
sedentary men,
BF% = 13 ± 2 %,
age 25 ± 1 yrs
6 obese glucose
intolerant males,
BF% = 30.4 ±
2.2 %, age =
33.8 ± 2.3 yrs
6 healthy control
males, BF% =
14.5 ± 1.7 %,
age = 27.8 ± 1.9
yrs
All subjects were
sedentary
7 healthy, lean,
sedentary men,
BF% = 13 ± 2 %,
age 25 ± 1 yrs

Cycling on a
bicycle
ergometer for
30 minutes, 60
– 83% of age
adjusted max
HR

OGTT

Cycling on a
cycle
ergometer, 2
minute bouts
with 3 minute
rest periods at
85% of VO2peak
until fatigue

Euglycemic
hyperinsulinaemic
glucose clamp

12-16 hrs

Significant
increase in M
through out all
groups

Euglycemic
hyperinsulinaemic
glucose clamp

15 hrs

Significant
increase in M

Euglycemic
hyperinsulinaemic
glucose clamp

12-14hrs

Significant
increase in M
in the obese
group

Euglycemic
hyperinsulinaemic
glucose clamp

48hrs

Significant
increase in M

Cycling on a
cycle
ergometer for 1
hour at 64% of
VO2peak

Cycling on a
cycle
ergometer, 2
minute bouts
with 3 minute
rest periods at
85% of VO2peak
until fatigue

Cycling on a
cycle
ergometer for 1
hour at 64% of
VO2peak
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Study

Subjects

Perseghin,
G. (1996)

Kirwan, J.
P (1992)

10 sedentary
individuals with
normal glucose
tolerance who
were offspring of
parents with
NIDDM, age 33
± 2, BMI = 25,
8 normal
subjects, age 29
± 3 yrs, BMI =
24.
6 healthy
untrained men
and women, age
29±2, BMI =
25±1, VO2peak =
46±5

Exercise
Stimulus

Type of test

Timing

Effect

Three, 15
minute sets of
stair climbing
at 65% of
VO2peak

Hyper-glycemic
hyperinsulinaemic
glucose clamp,

48 hrs

Significant
increase in M
in both groups

30 mins of
cycling, 65%
of VO2peak

Euglycemic
hyperinsulinaemic
glucose clamp

48 hrs

No change in
M from
baseline

BMI = Body mass index [weight (kg)/ height (m2)], VO2peak = maximal oxygen
consumption, BF% = body fat percentage

1.6.2 Post Exercise effects of Chronic Aerobic Exercise Training on Insulin
Sensitivity
Aerobic exercise training has been shown to reduce the insulin response to an
oral glucose load 14 to 24 hours after the last exercise bout [Seals et al.,1984b;
Holloszy et al.,1986; Hersey et al.,1994]. Even though this is not a direct measure of
insulin sensitivity it is possible that the reduction in insulin levels may be the result of
an increase in insulin sensitivity. This view was supported by studies reporting that a
structured aerobic exercise program improved the M value of sedentary individuals
for 12 to 16 hours after the last exercise bout [Burstein et al.,1985; Dela et al.,1992;
Kirwan et al.,1993].

Looking beyond 16 hours investigators have shown an increase in M values 24
to 48 hours after the last exercise bout [Soman et al.,1979; Dengel et al.,1996]. Also
others have shown that sedentary middle-aged males, following exercise training
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exhibit decreased insulin levels in response to an oral glucose load 24 to 48 hours
after the last exercise bout [Lampman et al.,1985; Pratley et al.,2000].

Caution must be taken when interpreting the results of exercise training
studies that examine insulin action within 48 hours after the last bout of exercise. The
reason for this is it that as outlined in section 1.6.1, the effect of an acute exercise bout
on insulin sensitivity may last up to 48 hours, therefore any change in insulin
sensitivity within this time period may be due to the final exercise bout and not the
effect of training. Studies that examine the effect of aerobic endurance training on
insulin sensitivity beyond 48 hours after the last exercise bout may give a more
appropriate indication of the long-term effect of this type of training on insulin action.

DeFronzo and co-workers [DeFronzo et al.,1987b] showed that 6 weeks of
aerobic exercise training increased the M of obese women (22 to 46 years), measured
48 to 72 hours after the last exercise bout. In contrast both Schneider et al. [Schneider
et al.,1984] and Allenberg et al. [Allenberg et al.,1988] showed that an aerobic
training program did not alter the insulin response to an oral glucose load in
sedentary, middle aged males with Type II diabetes, measured 72 hours after the last
exercise bout. However this conflicting evidence carries little weight as it is not a
direct measure of insulin sensitivity.

Studies that have examined the effects of exercise on insulin sensitivity
beyond 72 hours after the last exercise bout, report conflicting results. A study in
which, healthy, lean, young women performed 6 months of aerobic training showed
an improvement in M values 72 to 120 hours after the last exercise bout [Poehlman et
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al.,2000]. In support of these findings Bogardus and colleagues [Bogardus et al.,1984]
showed that 12 weeks of endurance aerobic training improved the M value of middleaged individuals with Type II diabetes, 144 hours after the last exercise session.
However, the subjects in this study were on a hypo-caloric diet which may confound
the effect that the exercise had on insulin sensitivity. In addition, Hughes [Hughes et
al.,1995] observed a significant increase in M values in obese sedentary individuals
with impaired glucose tolerance. This change occurred after the completion of a 12week aerobic training program and was measured 96 hours after the final exercise
bout. The results of this study must also be interpreted carefully as the exercise
training was accompanied by a high carbohydrate diet, and it is difficult to distinguish
the effect of the exercise from the effect of the diet. In contrast to the above findings,
Segal and Edano [Segal & Edano,1991] examined the effect of a 12-week aerobic
exercise training program on insulin sensitivity in 10 lean males with normal glucose
tolerance, 10 obese males with normal glucose tolerance, and 6 obese males with
Type II diabetes. The results showed that M measured 96 to 120 hours after the
cessation of training, was not significantly different to baseline values in any of the
groups.

Table 1.3 represents a summary of training studies that have looked at the post
exercise effects of aerobic exercise training on insulin sensitivity. It shows that up to
48 hours after the last exercise bout the evidence to suggest a significant improvement
in insulin sensitivity occurs is quite strong. Very few studies have looked at the
effects 48 to 72 hours post exercise, however the one that did showed a significant
improvement in M [DeFronzo et al.,1987b]. More studies need to be conducted
looking at this time frame before strong conclusions can be made. Beyond this time
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period there are conflicting results. Of the four studies that look at changes in insulin
sensitivity following exercise training more than 72 hours after the last exercise bout,
three report significant increases in insulin sensitivity, while one shows no effect.
However of the three studies that show a significant effect, two included diet
intervention, therefore it is difficult to distinguish between the effect of the exercise
and the effect of the diet on insulin sensitivity. The question of whether the effect of
exercise on insulin sensitivity is merely due to the last exercise bout remains
unanswered, as it is uncertain if exercise training improves insulin sensitivity beyond
48 hours after the last exercise bout.
Table 1.3 Studies examining the effect of chronic aerobic exercise training on insulin
secretion and sensitivity

Study

Population

Exercise
Stimulus

Type of test

Timing

Effect

Kirwan, J.
P. (1993)

12 subjects (5
men, 7 women),
healthy,
inactive, 60 – 70
yrs, men BF% =
26%, women
BF% = 37%

Running/walking 9
months, 45 mins/day,
4 days/wk, at 85% of
VO2peak

Euglycaemic
hyperinsulinaemic
glucose clamp

12 hrs

Significant
increase in M

Burstein, R.
(1985)

7 endurance
trained athletes,
age = 30.4 ± 3.9
yrs.
3 age and weight
matched,
sedentary
controls

Athletes did at least
12-15 hours of
exercise per week

Euglycaemic
hyperinsulinaemic
glucose clamp

12 hrs

Significant
increase in
M, compared
to sedentary
controls

Seals, D. R.
(1984)

14 healthy men
and women, age
= 63 ± 1 yrs,
BF% = 24.6 ±
2.5

6 months walking 4
x/week for 27 mins at
60% HRmax. 6
months of jogging 3
x/wk at 80–90%
HRmax

OGTT

14 hrs

Significant
decrease in
insulin
response

Dela, F.
(1992)

7 untrained,
healthy, lean,
males age = 2124 yrs, BF% =
9.0 ± 0.8%

1 legged cycling 30
mins/day, 6 days/wk
for 10 weeks, at 70%
of VO2peak

Euglycaemic
hyperinsulinaemic
glucose clamp

16 hrs

Significant
increase in M
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Study

Holloszy,
J.O. (1986)

Hersey,
W.C. (1994)

Prately, R.
E (2000)

Dengel,
D.R. (1996)

Population
5 males with
Type II DM, age
= 56 ± 10.
8 males with
IGT, age = 54 ±
8.
8 males with
normal glucose
tolerance, age =
57 ± 8.
16 Males, age =
70-79 yrs, BF%
= 28.7 ± 7.5. All
subjects healthy.
17 healthy,
sedentary males,
age = 59 ± 2 yrs,
BF% = 22.8 ±
1.6.
10 sedentary,
healthy males,
age = 60.3 ± 2.4,
BF% = 31.0 ±
1.2

Exercise Stimulus

Timing

Effect

OGTT

18 hrs

Significant
decrease in
insulin
response

OGTT

16 – 24
hrs

Significant
decrease in
insulin
response

Running/walking 9
months, 45 mins/day,
4 days/wk, at 85% of
VO2peak

OGTT

24-36
hrs

Significant
decrease in
insulin
response

Cycling on a cycle
ergometer, 3 x/wk, 40
mins, for 10 months,
at 75-85% of HRR

Euglycaemic
hyperinsulinaemic
glucose clamp

24-36
hrs

Significant
increase in M

OGTT

48 hrs

Significant
decrease in
insulin
response

Euglycaemic
hyperinsulinaemic
glucose clamp

48 hrs

Significant
increase in M

Euglycaemic
hyperinsulinaemic
glucose clamp

48-72
hrs

Significant
increase in M

OGTT

72 hrs

No change in
insulin
secretion

Cycling on a cycle
ergometer, 3 x/wk, 60
mins, for 10 weeks, at
60% of VO2peak

OGTT

72 hrs

No change in
insulin
secretion

Jogging, 3 x/wk, 60
mins, for 28 weeks, at
85% of HRmax

Euglycaemic
hyperinsulinaemic
glucose clamp

72 -120
hrs

Significant
increase in M

Walking/jogging
3x/wk for 3 months at
60-70% of VO2peak.
Then
Walking/jogging
5x/wk for 9 months at
70-90% of VO2peak
Jogging 45 mins, 3
times per week for 6
months, at 75 – 85 %
HRR

Lampman,
R. M.
(1985)

10 sedentary
males, 44.5 ±
2.6 yrs

Jogging, 3 x/wk, 3040 mins for 9 weeks,
at 85% of HRmax

Soman,
V.R. (1979)

6 healthy, lean,
sedentary males,
age = 25 ± 2
years,

DeFronzo,
R. A.
(1987)

7 obese women,
age = 33 ± 7 yrs

Schneider,
S.H. (1984)

20 sedentary
males with Type
II DM, age = 51
± 2 yrs, BF% =
25%

Cycling on a cycle
ergometer, 4 x/wk, 1
hr, for 6 months, 70%
VO2peak
Cycling on a cycle
ergometer, 4 x/wk, 60
mins (3 sets of 15
mins cycling with 5
min rest periods, for
6 weeks, at 65% of
VO2peak
Cycling on a cycle
ergometer, 3 x/wk, 8
four minute periods
with 1.5 min rest in
between , for 6
weeks, at 75% of
VO2peak

Allenberg,
K. (1988)

Poehlman,
E. T. (2000)

7 sedentary
males with Type
II DM, ave age
= 59 yrs (49 –
65yrs)
14 sedentary,
healthy, nonobese young
women, age =
29 ± 5, BMI =
22 ± 2

Type of test
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Study

Hughes,
V.A. (1995)

Segal, K. R.
(1991)

Bogardus,
C. (1984)

Population
All subjects
were sedentary
and glucose
intolerant
4 males, age =
66.8 ± 0.9 yrs,
BMI = 25.8 ±
0.8.
6 females, age =
60.8 ± 1.9, BMI
= 25.2 ± 1.3.
All subjects
were sedentary
and healthy.
10 lean males,
age = 34 ± 2 yrs,
BF% 15.1 ± 0.9.
10 obese males,
age = 31 ± 2,
BF% 32.5 ± 1.5.
6 obese males
with type II DM,
age = 36 ± 2,
BF% = 33.7 ±
3.9.
10 Untrained,
over weight
subjects with
glucose
intolerance or
type II DM, age
= 44 ± 11 yrs

Exercise Stimulus

Type of test

Timing

Effect

Cycling on a cycle
ergometer, 4 x/wk, 45
mins, for 10 weeks, at
75% of HRR.
Subjects were also on
a high carbohydrate
diet

Euglycaemic
hyperinsulinaemic
glucose clamp

96 hrs

Significant
increase in M

Cycling on a cycle
ergometer, 4 x/wk, 60
mins, for 12 weeks, at
70% of VO2peak

Euglycaemic
hyperinsulinaemic
glucose clamp

96 –120
hrs

No change in
M

Supervised training
for 12 weeks, 3x/wk,
for 1 hour, aerobic
training, at 75% of
HRmax.
Also were on a hypocaloric diet

Euglycaemic
hyperinsulinaemic
glucose clamp

144 hrs

Significant
increase in M

BMI = Body mass index [weight (kg)/ height (m2)], VO2peak = maximal oxygen
consumption, BF% = body fat percentage, HRmax = Maximal heart rate (220 – age),
HRR = Heart rate reserve, DM = diabetes mellitus.

1.6.3 Effect of Detraining on the Insulin Sensitivity of Endurance Athletes

Detraining studies also give us an insight into how long the effect of exercise
on insulin sensitivity lasts. Burstein and co-workers [Burstein et al.,1985] showed that
the M values of highly trained endurance athletes were significantly higher than
untrained individuals 12 hours after the last exercise bout. However when insulin
sensitivity was measured 60 and 120 hours post exercise, the M values of the athletes
were no longer different to that of untrained subjects. In support of this, Mikines and
colleagues [Mikines et al., 1989] observed that when endurance athletes stop training
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for 120 hours they exhibited M values similar to that of untrained individuals. Also
other studies have shown that when endurance athletes cease training for more than
168 hours, the increased M values and reduced insulin response to a glucose load that
accompanies exercise training is lost [Heath et al.,1983; King et al., 1988; King et al.,
1988b].

Table 1.4 is a summary of the detraining studies examined in this thesis. It
shows that when endurance athletes stop exercising for 60 to 336 hours they have a
significant reduction in insulin sensitivity. Looking at the exercise training studies in
section 1.6.2, it is interesting to note that some of these studies showed improved
insulin sensitivity with exercise training 72 to 120 hours after the last exercise bout.
The differing results between the two types of studies seems unusual, as one would
expect that the effects of exercise would last longer in trained athletes’ due to the
exercise stimulus being greater.

Table 1.4 Studies examining the effect of detraining on the insulin secretion and
sensitivity of endurance athletes
Study

Population

Exercise Stimulus

Type of test

Timing

Burstein, R.
(1985)

3 men, 4
women, well
trained
endurance
athletes, age =
30.4 ± 3.9 yrs
3 sedentary
controls, age
and weight
matched, age =
24.7 ± 0.7 yrs

Athletes performed
at least 12 –15
hours of exercise
per week

Euglycaemic
hyperinsulinaemic
glucose clamp

12 hrs, 60
hrs &
168 hours

Mikines, K.J.
(1989)

7 well trained
endurance
athletes, BF% =
6 ± 1%

Athletes exercised
for 1 hour, 5
days/week for 3
years before the
study

Euglycaemic
hyperinsulinaemic
glucose clamp

15 hrs &
120 hours

Effect
Significant
decrease in M
at 168 hours
and 60 hours
compared to
12 hours.
Insulin
sensitivity of
the athletes
was not
different to
that of
sedentary
controls at 60
and 120 hours
Significant
decrease in M
at 120 hours
compared to
15 hours
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Study

King, D. S.
(1988b)

Heath, G.W.
(1983)

King, D. S.
(1988)

Population
5 men, 4
women, well
trained
endurance
athletes, age =
29 ± 2 yrs,
BF% = 15.7 ±
1.2
6 men, 2
women, well
trained
endurance
athletes, age =
28 ± 2.8 yrs
18 sedentary
controls, age
and weight
matched, age =
26 ± 0.9

8 men, 1
women, well
trained
endurance
athletes, age =
31± 1 yrs, BF%
= 14.3 ± 1.0

Exercise Stimulus

Type of test

Athletes exercised
at least 45 mins/day
for 5-7 days/wks,
combination of
running and cycling

Euglycaemic
hyperinsulinaemic
glucose clamp

Athletes exercised
at least 45 mins/day
for 5-7 days/wks,
combination of
running and cycling

Athletes exercised
at least 45 mins/day
for 5-7 days/wks,
combination of
running and cycling

OGTT

Hyperglycaemic
glucose clamp

Timing

Effect

12 hrs &
240 hours

Significant
decrease in M
(23%) at 240
hours
compared to
12 hours

12 hrs &
240 hours

Significant
increase in
insulin and
glucose levels
during the
OGTT

16 hrs &
336 hours

Significant
increase in
insulin
response to
glucose
infusion at 14
days
compared to
16 hours
Insulin
response was
not different
to untrained
subjects

BF% = body fat percentage

1.6.4 Can a single bout of exercise replicate the post exercise effect of chronic
Aerobic Training on Insulin Sensitivity?

Section 1.6.1 shows that there is evidence to suggest that a single bout of
exercise in the untrained state will increase insulin sensitivity for approximately 48
hours. While section 1.6.2 indicates that there is conflicting evidence as to whether
the post exercise effects of exercise training on insulin sensitivity extends beyond 48
hours after the last exercise bout. Therefore it is possible that the improvement in
insulin sensitivity seen with training is merely a result of the acute post exercise
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effect. This section will look specifically at whether a single bout of exercise can
replicate the post exercise effect of chronic aerobic training on insulin sensitivity.

Heath and co-workers [Heath et al.,1983] examined the insulin response to a
glucose load in trained athletes following 10 days of training cessation, and again
following a single bout of exercise in the detrained state. Training cessation resulted
in a significant increase in the glucose (10-25%) and insulin (55-120%) response
during an OGTT. During the 10 days of detraining there were no changes in body
.

composition, body mass, or maximal oxygen consumption (V O2peak). A single bout
of exercise after 10 days of training cessation resulted in a similar glucose response to
that seen in the trained state. However, the sum of the insulin concentrations at 30, 60,
120, 160, and 180 mins during the OGTT, was greater after the single bout of exercise
than in the trained state (147 ± 15 vs. 117 ± 9 uU.ml-1, P<0.01). This study suggests
that regular exercise leads to a reduction in the insulin response necessary to
appropriately handle a glucose load (suggesting better insulin action), that cannot be
replicated by a single bout of exercise.

The results of the Heath study [Heath et al.,1983] do not directly examine
insulin sensitivity, however a study comparing the effect of an acute bout of exercise
on glucose clamp derived insulin sensitivity, before and after 6 weeks of exercise
training showed a similar pattern [Perseghin et al.,1996]. Perseghin et al. 1996 utilised
2 groups: i) 10 adult offspring of parents with Type II diabetes, ii) 8 subjects
exhibiting similar characteristics as the group with Type II diabetes (age, body
composition, activity levels), but with no family history of Type II diabetes. Both
groups were healthy with normal glucose tolerance. After a single bout of exercise in

35

the untrained state, the offspring of diabetic parents had a 22% increase in M, while
the normal subjects had a 27% increase. After 6 weeks of exercise training, subjects
were re-tested after an acute bout of exercise in the habitual state. The offspring of
diabetic parents had a 42% increase in M, while the normal subjects had a 38%
increase (both levels compared to baseline values). Unfortunately this study did not
report whether the within group changes in M were significant, however the
difference between these two time points (22 vs 42% and 27 vs 38%) seem quite
large.

The above findings seem to indicate that acute exercise can increase insulin
sensitivity and decrease the insulin response to a glucose load, with the effect of acute
exercise somewhat more pronounced when the subject is in a trained state.

1.6.5 Summary of the effect of Aerobic Exercise on Insulin Sensitivity

It appears that an acute bout of aerobic exercise leads to an improvement in
insulin sensitivity that may persist up to 48 hours. In addition aerobic exercise training
studies show that insulin sensitivity is elevated 48 hours after the last exercise bout,
however there are conflicting results as to whether this effect lasts beyond 48 hours.
What does appear certain is that athletes who refrain from exercise training for more
than 60 hours exhibit the same insulin sensitivity as that of untrained subjects,
supporting the notion that exercise has merely an acute effect on insulin sensitivity.
However, acute exercise seems to have a more profound effect on insulin sensitivity
when the subject is in the trained state.
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1.7 Effect of Resistance Exercise Training on Insulin Sensitivity
1.7.1 Post exercise effect of a single bout of Resistance Exercise on Insulin
Sensitivity
The author is not aware of any studies that examine the effects of acute
resistance training on insulin sensitivity. A possible reason for this is that unlike some
forms of aerobic exercise, which can be simple skills (eg. pedalling a bike, walking on
a treadmill), typical resistance training exercises are complex tasks with many varying
exercises (bench press, squat). Therefore, it is difficult to have an untrained subject
adequately perform an acute bout of resistance training.

1.7.2 Post Exercise effect of chronic Resistance Exercise Training on Insulin
Sensitivity
Skeletal muscle is the major site for glucose uptake and metabolism in
humans, accounting for approximately 85% of total insulin-stimulated glucose
disposal [DeFronzo et al.,1981]. Therefore, increases in muscle mass seen with
resistance training may increase the available glucose storage capacity and therefore
improve blood glucose control [Ryan et al.,1996]. In comparison to aerobic endurance
training, there are fewer studies examining the effects of resistance training on insulin
sensitivity. Given this emphasis on aerobic endurance training as a therapeutic tool,
the possible benefits of resistance training may have been overlooked.

Chronic resistance training has been shown to significantly improve an
individual’s insulin sensitivity. Miller and colleagues [Miller et al.,1994] reported that
a 16-week resistance training program significantly increased M values in middle
aged healthy men 24 hours after the last exercise bout. Resistance training has also
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been shown to decrease the insulin response to a glucose load in 3 different
populations: healthy middle aged males, middle aged males with Type II diabetes, and
middle aged males with risk factors of heart disease [Hurley et al.,1988; Smutok et
al.,1993; Smutok et al.,1994]. Even though there are no studies showing the acute
effects of resistance training on insulin sensitivity, it seems logical that there would be
a significant carry over effect from the last bout of exercise. Thus, when interpreting
studies measuring insulin sensitivity 24 hours after the last bout of exercise, we must
consider the possibility that the results may be influenced by the acute effects of the
final exercise session.

Only two studies have examined the effects of resistance training on insulin
sensitivity 48 hours after the last exercise bout, with both indicating a favourable
effect. Ishii et al. [Ishii et al.,1998] showed that 4-6 weeks of resistance training
increased insulin sensitivity (as indicated by a 48% increase in M during a
euglycemic-hyperinsulinemic glucose clamp) in a group of middle-aged, sedentary,
non-obese men with Type II diabetes. Also, 48 hours after the last exercise bout
strength-trained athletes have been shown to exhibit significantly higher SI values
when compared to sedentary subjects [Fujitani et al.,1998].

A handful of studies have examined the effects of resistance training on
insulin sensitivity 72 hours after the last exercise bout. Poehlman and colleagues
[Poehlman et al.,2000] investigated a group of lean, young women (18-35 yrs) who
performed resistance training for 6 months. When a glucose clamp was performed 72
hours after the last exercise bout M had increased, however, this increase was not a
significant one (p = 0.06). It is important to bear in mind that this study used healthy,
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lean, young females as subjects. This population usually has normal to high insulin
sensitivity and because of this it may be difficult to see any positive effects of the
training. In addition to this study others have looked at the effect of resistance training
on insulin secretion in response to a glucose load 72 hours after the last exercise bout.
Craig and co-workers [Craig et al.,1989] studied a group of elderly men (63 ± 1 yr)
and a group of young men (23 ± 1 yr) before and after a 12-week resistance training
program. Both groups exhibited a significantly lower plasma insulin response to an
oral glucose load. These findings in an elderly population have been supported by
other studies showing a reduced insulin response to an OGTT following resistance
training [Joseph et al.,1999].

Few studies have examined the effects of resistance training on glucose
tolerance 120 hours after the last exercise bout. Eriksson et al. [Eriksson et al.,1998]
found that 10 weeks of resistance training lead to a significant increase in M values in
a group of sedentary males (40 ± 3 yrs). Also Zachwieja et al. [Zachwieja et al.,1996]
showed that the SI values of elderly subjects (60-75 yrs) showed a trend towards
improvement 120 hours after the last bout. However, this change was not significant.

Table 1.5 is a summary of the studies that look at the effect of resistance
training on insulin sensitivity. Overall, the studies show that resistance training does
improve insulin sensitivity and decrease the insulin response to a glucose load.
However, the duration of the effect has not been clarified. There is evidence to
suggest that this effect is present 24 hours following the last bout of exercise. Also,
there are two studies showing that 48 hours after the last exercise bout, insulin
sensitivity is improved. However, improvements in insulin sensitivity 24 and 48 hours
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after the last exercise bout are may be due to changes attributable to the last acute
bout of exercise. Evidence to show that this effect lasts beyond this time frame is
conflicting. More research in this area needs to be performed before any clear
conclusions can be drawn.

Table 1.5 Studies examining the effect of resistance training on insulin secretion
and sensitivity
Study

Population

Smutok,
M.A. (1993)

14 sedentary
males, age = 48 ±
12yrs, BF% =
26.0 ± 6.0

Miller, J. P.
(1994)

11 Healthy,
sedentary males,
age = 58 ± 1 yrs,
BF% = 27.2 ±
1.8

Smutok,
M.A. (1994)

Hurley, B.
F. (1988)

8 untrained men
with impaired
glucose tolerance
or Type II DM,
age = 54 ± 9 yrs,
BF% = 26.2 ±
5.5

11 healthy
untrained males,
age = 44 ± 1 yrs,
BF% = 21.9 ±
4.6

Exercise
Stimulus
11 different
resistance
training
exercises,
performing 2
sets per
exercise, 15
reps per set.
Trained for 20
weeks, 3 x/wk
for 1 hour
14 different
resistance
training
exercises, 1 set
per exercise,
15 reps per set.
Trained for 16
weeks, 3 x/wk
for 1 hour
11 different
resistance
training
exercises,
performing 2
sets per
exercise, 15
reps per set.
Trained for 20
weeks, 3 x/wk
for 1 hour

14 different
resistance
training
exercises.
Trained for 16
weeks, 4 x/wk
for 1 hour, 1
set per
exercise, 1215 reps per set

Type of test

Timing

Effect

OGTT

20 hrs

Significant
decrease in
insulin
response, as
well as a
significant
decrease in
glucose levels
during the
OGTT

Euglycaemic
hyperinsulinaemic
glucose clamp

24 hrs

Significant
increase in M
(24%)

24 hrs

Significant
decrease in
insulin
response, as
well as a
significant
decrease in
glucose levels
during the
OGTT

24 hrs

Significant
decrease in the
insulin
response
during the
OGTT

OGTT

OGTT
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Study

Population

Ishii, T.
(1998)

9 sedentary, nonobese, Type II
DM, age = 46.8 ±
8.9,

Fujitani, J.
(1998)

Craig, B.W.
(1989)

Comparing 11
strength trained
athletes, age = 20
± 1 yrs, BF% =
9.0 ± 1, with 20
sedentary males,
age = 23±1, BF%
= 14.2 ± 1.3
6 young
sedentary males,
age = 23 ± 1 yrs,
BF% 11.9 ± 0.8
and 9 elderly
untrained males,
age = 63 ± 1
year, BF% = 21.6
± 0.8

Joesph, L.J.
(1999)

15 untrained
subjects, 8 men
and 7 women,
age 60 ± 3 yrs,
BF% = 38.6 ±
7.5

Poehlman,
E. T. (2000)

17 premenopausal
women, age = 28
± 3 yrs, BMI =
22 ± 2

Eriksson, J.
(1998)

8 untrained
males, age = 40 ±
3 yrs, BF% =
21.8 ± 2.2

Zachwieja,
J.J. (1996)

9 untrained
males, normal
weight, age =
66.3 ± 0.6 yrs,

Exercise
Stimulus
9 different RT
exercises. 4-6
weeks, 5 x/wk
, 2 set per
exercise, 1020 reps per set
Strength
trained athletes
were training
at least 5x/wk,
for the
previous year.

8 different RT
exercises.
Trained for
12weeks, 3
x/wk, 3 set per
exercise, 68reps per set
5 different RT
exercises.
Trained for
12weeks, 2
x/wk, 3 set per
exercise, 12
reps per set
9 different RT
exercises.
Trained for 28
weeks, 3 x/wk,
3 set per
exercise, 10
reps per set
8 different RT
exercises.
Trained for 10
weeks, 3 x/wk,
3 set per
exercise, 8-10
reps per set
9 different RT
exercises.
Trained for 16
weeks, 4 x/wk,
4 set per
exercise, 4-10
reps per set

Type of test

Timing

Effect

Euglycaemic
hyperinsulinaemic
glucose clamp

48 hrs

Significant
increase in M
(48%)

48 hrs

SI was
significantly
higher in the
strength trained
athletes
compared to
the sedentary
controls

72 hrs

Significant
decrease in
insulin
response (32%)

OGTT

72 hrs

Significant
decrease in
insulin
response

Euglycaemic
hyperinsulinaemic
glucose clamp

72-120
hours

An almost
significant
increase in M
(9%) (P=0.06)

Euglycaemic
hyperinsulinaemic
glucose clamp

120-168
hours

A significant
increase in M
(23%)

168 hours

An almost
significant
increase in SI
(P=0.06)

IVGTT

OGTT

IVGTT

BF% = body fat percentage, DM = diabetes mellitus.
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1.8 Studies comparing the effects of Resistance and Aerobic Training
on Insulin Sensitivity

Table 1.6 is a summary of the training studies comparing the effects of
resistance and aerobic training on insulin sensitivity. Five studies have compared
these two training paradigms [Smutok et al.,1993; Smutok et al.,1994; Wallace et
al.,1997; Eriksson et al.,1998; Poehlman et al.,2000]. Of these, the study conducted
by Wallace and associates [Wallace et al.,1997] could not be classified as a true
comparison study as one group performed an endurance training routine, while the
other group performed this routine with an additional resistance training routine. The
results of this study indicated that the combination of resistance and aerobic training
lead to a greater reduction in fasting insulin and glucose levels in hyperinsulinemic
subjects than aerobic training alone.

Of the remaining studies, Eriksson and colleagues [Eriksson et al.,1998] used
two vastly different protocols for the training groups. The endurance and resistance
training protocols differed in intensity, duration, and frequency. In addition, the
groups were not matched for age or gender, also different techniques were used to
measure changes in insulin sensitivity for each group. These differences make it
impossible to draw any comparisons between the two training paradigms.

The comparison studies conducted by Smutok et al [Smutok et al.,1993;
Smutok et al.,1994] used comparable training protocols for the resistance and aerobic
training groups. Although the training protocols were similar in duration and
frequency, the total energy expended during the aerobic exercise training was almost
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double that of the strength training program (approx. 200kcal per session for strength
training). The results for both studies were very similar. Resistance and aerobic
trained individuals showed similar significant decreases in the total area under the
glucose and insulin curves during an OGTT conducted 24 hours after the last bout of
exercise. Both of these studies did not directly test insulin sensitivity and even though
the result implies that insulin action has improved this cannot be determined by the
OGTT.

Poehlman and co-workers [Poehlman et al.,2000] compared the effect of
resistance and endurance training protocols on insulin sensitivity in non-obese young
women. Unfortunately the total amount of work performed during the training was
not reported for either training group. The results showed that 72 to 120 hours after
the last exercise bout, the endurance group had a significant increase in M (P<0.05)
while the resistance group had an improvement that almost reached significance (P =
0.06).

The author is not aware of any studies that have attempted to compare the two
types of training, matching for total amount of work performed. Interpretation of
differences between training types is therefore confounded by the variation in exercise
stimulus. Therefore a major aim of this thesis is to compare the effects of resistance
and aerobic training on insulin sensitivity, using training protocols where subjects in
each group perform a comparable amount of work during each training session.
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Table 1.6 Studies comparing the effect of resistance and aerobic training on
insulin secretion and sensitivity
Type and
Timing of Post
exercise test

Population

Exercise
Stimulus

Smutok,
M.A.
(1993)

14 sedentary
males, age = 48
± 12yrs, BF% =
26.0 ± 6.0

11 different
resistance
training
exercises,
performing 2 sets
per exercise, 15
reps per set.
Trained for 20
weeks, 3 x/wk for
1 hour

OGTT

20 hours

Smutok,
M.A.
(1993)

13 sedentary
males, age = 51
± 8, BF% = 27.8
± 6.2

Walking/jogging,
20 weeks, 3 x/wk
for 30mins/day,
75-85% HRR

OGTT

20 hours

Smutok,
M.A.
(1994)

8 untrained men
with impaired
glucose
tolerance or
Type II DM, age
= 54 ± 9 yrs,
BF% = 26.2 ±
5.5

11 different
resistance
training
exercises,
performing 2 sets
per exercise, 15
reps per set.
Trained for 20
weeks, 3 x/wk for
1 hour

OGTT

24 hours

Smutok,
M.A.
(1994)

8 untrained men
with impaired
glucose
tolerance or
Type II DM, age
= 53 ± 6 yrs,
BF% = 27.5 ±
7.0

Walking/jogging,
20 weeks, 3 x/wk
for 30mins/day,
75-85% HRR

OGTT

24 hours

Poehlman,
E. T. (2000)

14 sedentary,
healthy, nonobese young
women, age = 29
± 5, BMI = 22 ±
2

Jogging, 3 x/wk,
60 mins, for 28
weeks, at 85% of
HRmax

Euglycaemic
hyperinsulinaemic
glucose clamp

3 -5 days

Significant
increase in M

3 -5 days

An almost
significant
increase in M
(9%) (P=0.06)

Study

Poehlman,
E. T. (2000)

17 premenopausal
women, age = 28
± 3 yrs, BMI =
22 ± 2

9 different
resistance
training
exercises. 28
weeks, 3 x/wk, 3
set per exercise,
10 reps per set

Euglycaemic
hyperinsulinaemic
glucose clamp

Time

Effect
Significant
decrease in
insulin
response, as
well as a
significant
decrease in
glucose levels
during the
OGTT
Significant
decrease in
insulin
response, as
well as a
significant
decrease in
glucose levels
during the
OGTT
Significant
decrease in
insulin
response, as
well as a
significant
decrease in
glucose levels
during the
OGTT
Significant
decrease in
insulin
response, as
well as a
significant
decrease in
glucose levels
during the
OGTT
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Population

Exercise
Stimulus

Type and
Timing of Post
exercise test

Time

Effect

Eriksson, J.
(1998)

8 untrained
males, age = 40
± 3 yrs, BF% =
21.8 ± 2.2

8 different
resistance
training
exercises.
Trained for 10
weeks, 3 x/wk, 3
set per exercise,
8-10 reps per set

Euglycaemic
hyperinsulinaem
ic glucose clamp

5-7 days

A significant
increase in M
(23%)

Eriksson, J.
(1998)

7 sedentary
subjects with
impaired glucose
tolerance, age =
60 ± 5 years,
BMI = 26.1 ±
0.6

6 months of
aerobic exercise,
3 x/wk, for 1
hour, at 60% of
HRmax

5-7 days

No change in
insulin
response or
glucose levels
during IVGTT

Study

IVGTT

BMI = Body mass index [weight (kg)/ height (m2)], BF% = body fat percentage,
HRmax = Maximal heart rate (220 – age), HRR = Heart rate reserve, DM = diabetes
mellitus.

1.9 Possible mechanisms linking exercise training and changes in
Insulin Sensitivity
A number of possible mechanisms have been proposed to account for the
increase in insulin sensitivity following exercise training. Some of these are: i)
changes in muscle capillarisation, ii) muscle glycogen depletion, iii) changes in
insulin receptor activity, iv) changes in GLUT-4 glucose transporter activity, v)
changes in body composition, vi) changes in skeletal muscle triglyceride content and
composition, vii) changes in skeletal muscle membrane phospholipid composition,
viii) changes in insulin signalling components and ix) increased oxidative capacity of
skeletal muscle. However within the literature there is a lot of conjecture and no clear
conclusions have been drawn. This thesis will focus on the following mechanisms: v)
changes in body composition, vi) changes in skeletal muscle triglyceride composition,
vii) changes in skeletal muscle membrane phospholipid composition, and ix)
increased oxidative capacity of skeletal muscle. These have long been a focus of the
research unit in which these studies were performed and there are strong hypothesis
45

about the involvement of these mechanisms in changes in insulin action. The
following section of this thesis will review the literature on these possible
mechanisms. It will start with whole-body effects and work down to cellular
mechanisms. The other proposed mechanisms will not be reviewed in this thesis,
however there are a number of excellent review articles that outline the relationship
between these and insulin sensitivity [Goodyear & Kahn,1998; Borghouts &
Keizer,1999; Zierath et al.,2000; Henriksen,2002b].

1.9.1 Effect of changes in Body Composition on Insulin Sensitivity

As described earlier in this thesis both aerobic and resistance exercise training
can lead to an improvement in insulin sensitivity. These training paradigms are
associated with decreases in body fat content [Kahn et al.,1990; Kirwan et al.,1993;
Miller et al.,1994; Pratley et al.,2000] and increases in muscle mass [Craig et
al.,1989; Miller et al.,1994; Zachwieja et al.,1996]. Thus it is possible that these
associated changes may be responsible for the improvement in insulin sensitivity seen
after exercise training.

Relationships between insulin sensitivity and body composition have been
shown in various populations. Endurance athletes compared to sedentary controls
exhibit, lower body fat percentages and greater insulin sensitivity [King et al.,1987].
The insulin sensitivity of both, lean and obese individuals has been negatively
correlated with fat mass, visceral fat, subcutaneous abdominal fat and thigh fat
[Goodpaster et al.,1997]. In addition compared to lean individuals matched for age,
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height and FFM, obese individuals have decreased insulin stimulated glucose disposal
[Segal & Edano,1991].

Due to the relationship between the presence of obesity and insulin resistance
it is possible that a reduction in adipose tissue may lead to an improvement in insulin
sensitivity. Studies show strong correlations between decreases in visceral abdominal
fat and improvements in insulin sensitivity (as determined by an insulin tolerance test)
in individuals suffering from Type II diabetes [Mourier et al.,1997]. In a study by
Després and colleagues [Després et al., 1991], obese pre-menopausal women
exercised aerobically for 90 minutes, 4 to 5 times per week for 14 months. They
found that the reduction in the insulin response to a glucose load was directly related
to changes in deep abdominal fat. In addition Pratley and co-workers [Pratley et
al.,2000] observed that following exercise training, changes in waist circumference
and body fat percentage were independent predictors of the reduced insulin response
to a glucose load.

However there is a lot of conflicting evidence that does not support this
argument. Changes in body composition are not always predictive of changes in
glucose metabolism [Kirwan et al.,1993]. A number of aerobic training [Soman et
al.,1979; Mikines et al.,1989; Dela et al.,1992; Dengel et al.,1996] studies have
shown an improvement in M without a corresponding change in body composition.
Also reductions in body fat achieved through diet restriction alone, do not lead to
changes in insulin sensitivity [Yamanouchi et al.,1995]. Similar findings to these have
been reported in other studies where a hypo-caloric diet leading to a significant
decrease in body weight and body fat percentage, did not induce a change in M
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[Dengel et al.,1996]. In addition studies in which athletes detrain for 5 to 14 days
show that M decreases to levels of those exhibited by untrained individuals, without
any corresponding change in body composition [Burstein et al., 1985; King et al.,
1988b ; Mikines et al., 1989].

As glucose tolerance worsens with advancing age, it is possible that the
unfavourable changes in body composition that usually accompany aging, such as
decreased muscle mass may lead to reduced insulin sensitivity [Reaven et al.,1989].
As resistance training has been shown to increase muscle mass [Zachwieja et
al.,1996], as well as muscle strength and function [Frontera et al.,1988], it is possible
that the benefits of resistance training on insulin sensitivity are due to the concomitant
increase in muscle mass. Poehlman and colleagues [Poehlman et al.,2000] conducted
a resistance training study that led to a significant increase in FFM and a near
significant (p = 0.06) increase in M. A direct relationship between the increase in M
and the increase in FFM (r = 0.48; P< 0.05) was detected. This suggests that an
increase in muscle mass may play a role in the improvement in insulin action. In
support of these findings body builders display significantly greater M values than age
and weight matched sedentary controls [Yki-Jarvinen & Koivisto,1983], which was
no longer evident following correction for FFM. In addition Miller et al. [Miller et
al.,1984] found a positive relationship between an increase in FFM and a reduction in
the insulin response to a glucose load during an oral glucose tolerance test. However,
in contrast, a number of studies have shown that both aerobic and resistance training
lead to an increase in M without any corresponding muscle hypertrophy
[Tonino,1989; Ryan et al.,1996; Ishii et al.,1998].
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It appears that there is a relationship between insulin sensitivity and both
adiposity and fat free mass. However as there are studies that report significant
improvements in insulin sensitivity without any changes in body composition, it is
still uncertain as to whether changes in adiposity and fat free mass are driving
mechanisms behind the improvement in insulin sensitivity following exercise training.
1.9.1.1 Possible mechanisms relating Obesity and Insulin Resistance

Insulin resistant states such as obesity and type 2 DM have been associated
with elevated levels of free fatty acids [Gorden,1960; Reaven et al.,1988;
McGarry,1992; Frayne,1993; Boden et al.,1994], primarily because of an increase in
the rate of lipolysis from the expanded fat cell mass [Bjorntorp et al.,1969; Jensen et
al.,1989]. Increased levels of plasma free fatty acids are negatively correlated with
insulin sensitivity [Perseghin et al.,1997].

To explain the relationship between insulin resistance and increased free fatty
acid levels, Randle et al [Randle et al.,1963] proposed the existence of a glucose-fatty
acid cycle, which postulates that increased FFA oxidation leads to insulin resistance
as a result of the competition between FFA’s and glucose for oxidation. The elevated
levels of plasma FFA’s are thought to increase the uptake and â-oxidation of FFA.
Elevated â -oxidation increases the production of acetyl-CoA in the mitochondria,
which then inhibits the activity of pyruvate dehydrogenase (PDH), the enzyme
required for the oxidation of glucose. In addition this will cause a rise in citrate levels
which inhibit phospho-fructokinase (PFK). This will result in an accumulation of
intra-cellular glucose-6-phosphate (G-6-P), which will then inhibit the activity of
hexokinase (HK) and lead to a decrease in glucose uptake [Randle et al.,1963]. As a
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result uptake and oxidative utilisation of glucose will be reduced at any given insulin
level; ie., insulin resistance. In support of this a number of clamp studies have shown
that an increase in circulating FFA levels generated by lipid infusion leads to a
decrease in the rate of glucose oxidation [Boden et al.,1991; Kelley et al.,1993;
Boden et al.,1994; Roden et al.,1996] (figure 1.3).

Citrate

Acetyl CoA
HK
Glucose

Glucose uptake

PFK
G-6-P

PDH
Pyruvate

FFA

FFA levels

Figure 1.3 Components of the Randle cycle in skeletal muscle (--- = impairment)

Even though the Randle glucose fatty acid cycle does explain at least some
of the relationship between impaired insulin sensitivity and elevated lipid levels, a
number of studies have shown that some tissues made insulin resistant by lipid over
supply, do not exhibit all the characteristics common with the predictions of the
Randle cycle [Boden et al.,1991; Roden et al.,1996]. Shulman and colleagues [Roden
et al.,1996] challenged the contribution of the Randle hypothesis. To do this subjects
were kept in a euglycemic, hyperinsulinaemic state and infused with FFA’, which
resulted in elevated levels of plasma FFA’s. After plasma FFA levels had been
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elevated for 5 hours there was a significant (50%) drop in insulin stimulated rates of
muscle glycogen synthesis and whole body glucose oxidation. According to the
Randle hypothesis this should have resulted in an accumulation of G-6-P, however the
opposite occurred and intramuscular levels of G-6-P fell prior to the reduction in
muscle glycogen synthesis. This suggests that the increase in plasma fatty acid levels
may be interfering with glucose transport or HK activity.

If HK activity was the reason for the reduced insulin stimulated glycogen
synthesis following lipid infusion, there would have been an increase in the
intracellular glucose levels, as intracellular glucose is an intermediary metabolite
between glucose transport and hexokinase. However Dresner and colleagues [Dresner
et al.,1999] found that elevated fatty acid levels resulted in a decrease in intracellular
glucose concentration. This suggests that the rate-controlling step for fatty-acid
induced insulin resistance is glucose transport.

In individuals with Type II DM [Kim et al.,1999; Krook et al.,2000], as well
as obese (both conditions are usually accompanied by elevated lipid levels)
[Goodyear et al.,1995; Bjornholm et al.,1997; Dresner et al.,1999; Cusi et al.,2000] or
lipid infused humans [Dresner et al.,1999; Griffin et al.,1999], insulin resistance has
been observed with reductions in IRS-1 tyrosine phosphorylation and IRS-1
recruitment of PI3 kinase in skeletal muscle. Similar findings have been shown in
muscle from obese and high-fat fed rats and mice [Zierath et al.,1997; Anai et
al.,1999; Le Marchand-Brustel,1999]. This implies that the oversupply of lipids can
lead to a reduction in insulin signalling.
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There are a number of possibilities of how elevated plasma fatty acid levels
can lead to insulin resistance beyond the Randle cycle. Plasma free fatty acids (FFAs)
can be converted into intracellular signalling molecules that have a significant effect
on insulin action. FFAs such as palmitate, oleate and linoleate in muscle [Gorski et
al.,1998] are converted to long-chain acyl-CoAs (LCACoAs), which can have the
following effects:
1.

Stimulation of PKC activity

2.

Formation of ceramides

3.

Increased flux through the hexosamine pathway

Each of these can have a negative effect on insulin action (Figure 1.4), and
will be discussed individually in detail in the following section.

FFA

LCACoA’s

DAG
Hexosamine
Flux

Ceramides
PKC

Insulin Resistance
Figure 1.4: Relationship between elevated levels of LCACoA’s
and insulin resistance
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1.9.1.1.1 Role of Protein Kinase C in Insulin Action

Both free fatty acids and LCACoAs can alter the activity of protein kinase C
(PKC) directly [Orellana et al.,1990; Majumdar et al.,1991; Nesher & Boneh,1994;
Kasahara & Kikkawa,1995] or indirectly via their conversion to DAG
[Nishizuka,1995]. The family of protein kinase C isoforms, of which there are at least
10, are divided into 3 main groups, classical (á, â, ã) [Nishizuka,1995], novel (ä, å, ç,
õ, è) [Nishizuka,1995; Braiman et al.,1999] and atypical (ë, æ, é) [Nishizuka,1995]
PKCs, which all differ in their activity [Mellor & Parker,1998; Jaken & Parker,2000;
Parekh et al.,2000]. The classical and novel groups are thought to be linked to insulin
resistance, while the atypical group is believed to play a central role in glucose
transport.

Both the classical and novel groups have been shown to be activated by DAG,
while the atypical isoforms are insensitive to DAG [Nishizuka,1995; Schmitz-Peiffer
et al.,1997]. In support of this, in an insulin resistant group of high fat fed rats,
Schmitz-Peiffer et al. showed that the proportions of membrane-localised PKC è,
PKC å and PKC ä were positively correlated with muscle triglyceride and DAG
content [Schmitz-Peiffer et al.,1997]. In addition increases in PKC levels with high
fat feeding have been shown to be ameliorated by treatment with BRL-49653
[Schmitz-Peiffer et al.,1997b], a thiazolidinedione that reduces the amount of lipid
available [Oakes et al.,1994]. Other animal models of insulin resistance show elevated
PKC å translocation together with elevated lipid content [Laybutt et al.,1999]. PKC
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activity, DAG content and PKC è and PKC å membrane localisation have all been
shown to be increased in obese Zucker rats [Qu et al.,1999].

A number of studies have suggested a relationship between increased PKC
activity (classic and novel isozymes) and insulin resistance [Tang et al.,1993;
Donnelly et al.,1994; Considine et al.,1995; Avignon et al.,1996; Qu et al.,1999b]. It
has been observed in human subjects who were infused with lipids, that the resulting
increase in insulin resistance was accompanied by an increase in PKC è localisation to
the membrane in skeletal muscle [Griffin et al.,1999]. Also, rats exhibiting elevated
lipid levels showed both insulin resistance and increased PKC å translocation [Laybutt
et al.,1999]. These studies suggest that the relationship between PKC (particularly
PKC è and PKC å) and insulin resistance is likely due to increased lipid supply.

The are a number of ways in which PKC may impair insulin action. Chronic
activation of PKC has been associated with insulin receptor internalisation and
therefore downregulation [Seedorf et al.,1995]. In insulin signalling activation of the
insulin receptor tyrosine kinase activity is an important step. Serine/threonine
phosphorylation of the insulin receptor can inhibit its tyrosine phosphorylation and
thus impede insulin signalling. PKCá has been found to contribute to the
serine/threonine phosphorylation of the insulin receptor and subsequently to the
inhibition of tyrosine kinase activity [Caruso et al.,1999].

Increased PKC activation has also been correlated with reduced IRS-1
expression in obese subjects [Goodyear et al.,1995] and fat fed rats [Terasaki et
al.,1998]. The stimulation of PKC with phorbol esters has been related to the
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serine/threonine phosphorylation of IRS-1, leading to an impairment in its interaction
with the insulin receptor. In particular both PKCá and PKC è are thought to increase
the serine/threonine phosphorylation of IRS-1 and inhibition of insulin signalling to
PI 3-kinase [Chin et al.,1994; Hawkins et al.,1999]. PKC also has been shown to
phosphorylate and inactivate glycogen synthase [Ahmad et al.,1984](figure 1.5).

The chronic activation of PKC å that is seen with insulin resistance [Avignon
et al.,1996; Schmitz-Peiffer et al.,1997; Laybutt et al.,1999; Qu et al.,1999] does not
result in its own down regulation [Huwiler et al.,1991; Borner et al.,1992; Zhao et
al.,1994]. It is also thought that a similar effect is seen with PKC è. This implies that
these two isozymes could be the PKCs involved in the long-term inhibition of insulin
action. These studies suggest that there is a link between insulin resistance and the
activation of PKC, especially PKC è and PKC å, by increased lipid availability to
muscle.
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Figure 1.5. Effect of PKC on insulin signaling and glucose metabolism
(------ = impairment)
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1.9.1.1.2 Role of Ceramides in Insulin Action

A number of studies have reported a relationship between elevated ceramide
levels and reduced insulin action [Schmitz-Pieffer,2000]. Ceramide is a sphingolipid
derivative of palmitate. Levels of this second messenger can be elevated by the
breakdown

of

sphingomyelin

through

the

activation

of

sphingomyelinase

[Hannun,1994] and by de novo synthesis from serine and palmitoyl-CoA [Merrill &
Jones,1990](Figure 1.6).
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Transferase
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Figure 1.6: The formation of ceramide by de novo synthesis from
palmitoyl-CoA, or through the action of sphingomyelinase
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It has been shown that sphingomyelin concentration in adipose tissue and
plasma is positively related to obesity [Zeghari et al.,2000; Zeghari et al.,2000b].
Also salicylates which inhibit sphingomyelin generated ceramide production, have
been shown to improve insulin action and reduce obesity [Kim et al.,2001; Yuan et
al.,2001]. Some studies have shown that membrane-permanent analogues of ceramide
can diminish the activation of molecules involved in insulin signalling [Summers et
al.,1998; Zundel & Giaccia,1998]. Moreover, 3T3-L1 adipocytes that have had long
term exposure to ceramide analogues show reduced GLUT-4 mRNA expression
[Long & Pekala,1996]. In addition insulin resistant rats show elevated levels of
intramuscular ceramide levels, in skeletal muscle [Turinsky et al.,1990]. Also both
cell-permanent analogues of ceramide as well as saturated fatty acids (palmitate),
from which ceramide can be generated [Schmitz-Peiffer et al.,1999] promote cellular
insulin resistance [Long & Pekala,1996; Summers et al.,1998].

While exact mechanisms are not yet clear, it has been suggested that
ceramides may impair the activation of IRS-1 [Kanety et al.,1996] and PI3K
[Stephens et al.,1997; Zundel & Giaccia,1998; del Aguila et al.,1999]. Others believe
that ceramide has an effect downstream of PI3K, such as PKB [Summers et al.,1998;
Zhou et al.,1998; Schmitz-Peiffer et al.,1999]. Pre-treatment of C2C12 myoblasts
with palmitate or a cell-permeable ceramide has been shown to inhibit the insulin
activation of PKB [Schmitz-Peiffer et al.,1997]. Similar direct inhibition of PKB has
been observed in other cells exposed to ceramide analogues [Summers et al.,1998;
Zhou et al.,1998]. In addition Hajduch and colleagues [Hajduch et al.,2001] showed
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that when muscle cells are incubated with ceramide there is a complete loss of insulin
stimulated glucose transport and glycogen synthesis. They showed that this was not
due to disruption of IRS-1, PI3K or PDK but rather due to a disruption in the
hormonal activation of PKB. Also ceramides have been shown to activate PKC á,
PKC ä, PKC æ, PKC è isozymes which interfere with insulin action [Muller et
al.,1995; Huwiler et al.,1998; van Blitterswijk,1998].

Some studies have suggested that cytokines such as tumor necrosis factor
alpha (TNFá) have an effect on glucose transport [Bullo-Bonet et al.,1999]. Isolated
cells and intact tissue in culture have shown that TNFá leads to a reduction in the
insulin stimulated glucose transport in adipose tissue and skeletal muscle [Stephens &
Pekala,1991; Begum & Ragolia,1996]. Obese and diabetic individuals have elevated
levels of TNFá [Winkler et al.,1998], and TNFá levels have been shown to fall with
body weight loss [Dandona et al.,1998]. The exact mechanism for this effect is not
known, however some propose that it may involve the increased turnover of
shingomyelin and the production of ceramide [Mathias et al.,1998]. Cytokines such as
TNFa increase the breakdown of sphingomyelin. Therefore the inhibitory effect of
TNFá on insulin action in muscle maybe attributed to the activation of
sphingomyelinase and the subsequent release of ceramides [Murase et al.,1998].

1.9.1.1.3 Role of the Hexosamine pathway in Insulin Action

The over supply of lipids to muscle can also lead to the stimulation of the
hexosamine pathway. In the presence of increased fatty acids availability a larger
percentage of fructose-6-phosphate is converted to glucosamine-6-phosphate by the
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rate limiting enzyme glutamine: fructose-6-phosphate amidotransferase (GFAT). The
hexosamine pathway is discussed in section 1.3.3. and outlined in figure 1.7.

Rats that have been infused with either glucosamine (GlcN) or uridine
[Hawkins et al.,1997], or mice with an overexpression of GFAT, show both increased
flux in this pathway and reduced insulin action [Cooksey et al.,1999]. Increased flux
through this pathway has been shown in rats following lipid infusion during an
euglycemic-hyperinsulinaemic glucose clamp, where it was associated with reduced
insulin-stimulated glucose disposal [Hawkins et al.,1997]. Also levels of UDP-Nacetyl-hexosamines in muscle (which are used to determine the flux through the
hexosamine pathway) have been shown to be positively correlated with insulin
resistance [Buse et al.,1996; Hawkins et al.,1996; Hawkins et al.,1997b]. Both
adipocytes and muscle tissue that have been incubated with glucosamine show
reduced levels of insulin stimulated transport [Marshall et al.,1991; Robinson et
al.,1993]. Also in comparison to normal subjects, type II diabetes patients show a
46% increase in the GFAT activity in muscle [Yki Jarvinen et al.,1996].

A possible way in which the hexosamine synthesis may inhibit insulin action
is through the stimulation of PKC. Glucosamine has been shown to increase the
activity of PKC in the membrane fraction of rat adipocytes [Filippis et al.,1997], and
caused translocation of PKC â, PKC á, PKC å in cultured mesangial cells [Kolm-Litty
et al.,1998]. In adipocytes this effect was also seen with the reduction of basal and
insulin-stimulated glucose transport which could be reversed by a PKC inhibitor
[Filippis et al.,1997]. In addition the inhibition of GFAT prevented the effects of high
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glucose levels on PKC activation [Filippis et al.,1997; Kolm-Litty et al.,1998], which
suggests that hexosamine synthesis may have a significant effect on PKC activation.
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Figure 1.7: The oversupply of lipid leads to the inhibition of glycolysis and a resulting increase in flux through the hexosamine pathway and elevated
levels of UDP-GlcNAc. Infusing Glucosamine and uridine can have a similar effect.
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1.9.1.1.4 Summary of the effects of Lipid oversupply on Insulin Sensitivity

The oversupply of lipids may affect insulin action in a number of ways:
1.

competition with glucose as a fuel (Randle cycle)

2.

the formation of DAG’s and ceramides

3.

increased activity of the hexosamine pathway

These effects are summarised in figure 1.8. This figure shows that the over
supply of lipids will increase the levels of LCACoA within the cell. LCACoA’s can
either be used to produce ATP in the mitochondria or converted to secondary
messengers. The uptake of LCACoA’s into the mitochondria will increase the level of
acetyl CoA which inhibits the uptake of pyruvate into the mitochondria. Not only
does this reduce the amount of glucose being taken up, but also increases flux through
the hexosamine pathway, which is thought to stimulate PKC activity. PKC then goes
onto impede insulin signalling at the insulin receptor and IRS-1. LCACoA’s can also
be converted to second messengers such as DAGs and ceramides which are thought to
stimulate PKC activity. In addition ceramides have been shown to impede insulin
signalling at a number of points in the insulin signalling pathway.

62

á á

Insulin

â

Insulin Receptor

â

PKC

IRS-1

PI 3-k
PDK

DAG
Triglycerides

Ceramides
PKB

aPKC

Glycogen

LCACoAs

Malonyl CoA

UDP-GlcNAc
GSK-3

Acetyl CoA

FFA

GlcN-6P
GS

Citrate

Glucose

Acetyl CoA
G-6-P

Krebs Citrate
cycle

FFA

GLUT-4

Pyruvate

F-6-P

Figure 1.8. Effect of lipid oversupply on insulin action and glucose metabolism ( ------

Glucose
= impairment)
63

1.9.2 Effect of Phospholipid Membrane Composition on Insulin Action
1.9.2.1 Membrane phospholipids
Cell membranes serve as permeable boundaries, which separate the internal
environment of the cell from the external environment and define internal organelles.
Skeletal muscle membranes vary greatly in their structure and function. They are a
lipid bilayer, which contain proteins responsible for the transport of nutrients and ions
into and out of the cell. A major factor that influences the properties of membranes is
their fatty acid composition [Pan & Storlien,1993]. Phospholipids are the most
common lipids found in membranes, they consist of either a glycerol or sphingosine
backbone, two fatty acid chains and a phosphorylated alcohol. When the fatty acids
within a phospholipid are predominantly saturated (no double bonds present), the
packing of phospholipids is very tight and the membrane is very rigid. However when
the phospholipids are made up of unsaturated fatty acids (containing one or more
double bonds) the membranes become more fluid and flexible. The fatty acids usually
found in skeletal muscle membranes generally vary in length from 12-22 carbons.
Table 1.7 shows a list of these fatty acids and their nomenclature.
The fatty acid composition of the membrane can be intrinsically altered.
Elongase enzymes can alter the fatty acid composition by increasing the carbon chain
length. Also desaturase enzymes have the ability to introduce double bonds into the
fatty acids within the membrane, thus making it more fluid. In addition there is
evidence to indicate that the fatty acid profile of the diet is related to the fatty acid
composition of the skeletal muscle membrane. This relationship has been shown in
both rats [Field et al.,1990; Storlien et al.,1991; Pan & Storlien,1993; Ayre &
Hulbert,1996; Luo et al.,1996] and humans [McMurchie et al.,1996; Baur et al.,1998].
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Exercise has also been shown to have a significant relationship with membrane fatty
acid composition, this will be examined in section 1.9.2.3.

Table 1.7. Glossary of Fatty Acid nomenclature
Abbreviationab
Saturated
10:0
12:0
14:0
16:0
18:0
22:0
24:0

Common Name

Systemic Namec

Capric
Laurice
Myristic
Palmitic
Stearic
Behemic
Lignoceric

n-decanoic
n-dodecanoic
n-tetradecanoic
n-hexadecanoic
n-octadecanoic
n- docosanoic
n-tetracosanoic

Monoenoicd

Myristoleic
Palmitoleic
Eladic
Oleic
Gadoleic
Erucic
nervonic

cis-9-tetradecaenoic
cis-9-hexadecaenoic
trans-9-octadecaenoic
cis-9-octadecanoic
cis-11-eicosaenoic
cis-13-docosaenoic
cis-13-tetracosaenoic

Linoleic

all cis-9, 12-octadecadienoic

14:1n-5
16:1n-7
18:1trans
18:1n-9
20:1n-9
22:1n-11
24:1n-9
Dienoic
18:2n-6
Trienoic
18:3n-6
18:3n-3
20:3n-9
20:3n-6

-linolenic
- linolenic
meadic
dihomo--linolenic

all
cis-6, 9, 12-octadecatrienoic
all cis-9, 12, 15-octadecatrienoic
all cis-5, 8, 11-docosatrienoic
all cis-8, 11, 14-docosatrienoic

Tetraenoic
18:4n-3
20:4n-6
22:4n-6

parinaric
arachidonic
adrenic

all cis-6, 9, 12, 15-octadecatetraenoic
all cis-5, 8, 11, 14-eicosatetraenoic
all cis-7,10,13, 16-docosatetraenoic

Pentaenoic
20:5n-3
22:5n-6
22:6n-3

Timnodonice or EPA
Docosapentaenoic
clupanodonice

all cis-5, 8, 11, 14, 17-eicosapentaenoic
all cis-4,7,10,13,16- docosapentaenoic
all cis- 7,10,13,16,19-docosapentaenoic

Hexanoic
22:6n-3

Cervoinic or DHA

all cis-4,7,10,13,16- docosahexaenoic

a

Polyenoic acid polyethenoid acid or polyene are synonymous terms. Thus one finds
monoenoic, monoethenoid, monoene, diene, etc.
b
Several conventions can be adopted here. The double bonds can be numbered from the
methyl terminal end, as here, in which case the symbol n- is used (eg 18:2n-6). n- is also
synonymous for - or omega-. From this the remaining position of the double bonds can be
determined, as this notation is only used for the methylene interrupted double bonds.
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c

Unless otherwise stated, all double bonds are in the cis configuration.
The conformation of double bonds is designated cis or trans. For the single bond the torsion
angles are often termed gauche and trans. More correctly however, the terms gauche and anti
should be used.
e
Originally assigned to other isomers, these names have been adopted in recent practice for
the isomers shown in this table.
d

1.9.2.2 Relationship between Phospholipid Membrane Composition and Insulin
Sensitivity

The phospholipid composition of membranes is one cellular factor that has
been shown to be associated with insulin action within skeletal muscle. A number of
studies have shown that the more unsaturated the fatty acid profile of a membrane, the
greater the insulin sensitivity of the cell [Storlien et al.,1991; Borkman et al.,1993;
Vessby et al.,1994; Pan et al.,1995; Luo et al.,1996]. In particular membranes with
high levels of long-chain omega-3 fatty acids seem to have the most profound
association with improved insulin sensitivity [Storlien et al.,1991]. Conversely when
the level of saturated fatty acids within the membrane is increased, a decrease in
insulin sensitivity is seen [Grunfield et al.,1981; Ginsberg et al.,1982].

There are a number of possible mechanisms behind the relationship between
insulin action and membrane phospholipid composition. Studies have shown that
saturated fatty acids such as palmitate (16:0) inhibit the insulin signalling components
PKB/Akt and therefore insulin stimulated glucose uptake [Storz et al.,1999]. In
support of this other studies have shown that palmitate inhibits insulin signalling at
IRS-1 and PKB/Akt, while unsaturated fatty acids have been shown to have no effect
on PKB [Schmitz-Peiffer et al.,1999; Storz et al.,1999]. The possible mechanism
behind this is that high levels of saturated fatty acids like palmitate can lead to
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increased formation of ceramides [Schmitz-Peiffer et al.,1999], which are then
thought to go on and stimulate PKC activity [Muller et al.,1995; Huwiler et al.,1998;
van Blitterswijk,1998].

In addition, increased levels of fatty actyl CoA particularly those from
palmitate, leading to an accumulation of DAG has been shown to diminish insulinstimulated glucose uptake in primary myocyte cultures [Storz et al.,1999] by the
activation of a number of PKC isoforms.

Finally the composition of the cell membrane may affect the binding of the
GLUT-4 transporter to the membrane, thus altering the ability of the cell to take up
glucose.

1.9.2.3 Effect of Exercise on Skeletal Muscle Membrane Phospholipid
Composition.

Fatty acids differ in their ability to be mobilised and subsequently oxidised for
energy [Leyton et al.,1987]. Compared to saturated fatty acids, unsaturated fatty acids
appear to be more readily mobilised by a lipolytic stimulus and thus more readily
available to be used as energy, in both rats [Raclot & Groscolas,1993] and humans
[Halliwell et al.,1996]. This is also evident when exercise is the mobilising stimulus
[Mougios,1995]. During exercise it appears that muscles have a preference for using
unsaturated fatty acids as an energy source [Hagenfeldt,1968]. If this is the case it is
possible that exercise may lead to a more saturated membrane composition through
the depletion of unsaturated fatty acids.
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Helge and colleagues [Helge et al.,1999] observed that the skeletal muscle
membranes of exercising rats were less unsaturated than those of sedentary controls.
This was shown with the exercising group having a lower unsaturation index (UI)
than the sedentary group (the UI is an index of how unsaturated the membrane is, a
higher value indicates a more unsaturated membrane). This reduction in unsaturation
was the result of decreased levels of arachidonic acid [20:4(n-6)] and DHA [22:6(n3)] in the trained group. In support Kriketos and colleagues [Kriketos et al.,1995]
found that following voluntary running rats had a significant decrease in the DHA
[22:6(n-3)] levels of the soleus muscle. However they did not observe any change in
the phospholipid composition in the extensor digitorum longus (EDL) muscle. They
also showed that the exercise group had a lower UI than the sedentary group in both
soleus and EDL muscle, however this difference was not a significant one. The main
discrepancy between these two studies was the exercise stimulus. In the Helge et al.
[Helge et al.,1999] study rats were exercising on a motorised treadmill, while in the
Kriketos et al. [Kriketos et al.,1995] study rats performed voluntary wheel running
exercise. When rats exercise in a wheel cage their running tends to be made up of
short, bursts of highly-intense activity and thus may be more anaerobic than aerobic
exercise. This may account for the difference in the degree of change within the rats
membrane phopholipid composition.

Thomas et al. [Thomas et al.,1977] conducted a cross sectional human study
looking at the membrane composition of trained athletes in comparison to sedentary
individuals. Trained individuals had significantly lower levels of palmitic acid [16:0]
(P<0.05), a trend towards an increase in the sum of C18-20 (p<0.10) and a UI that
was 4% higher than the untrained group. Unfortunately there was no dietary control in
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this study, therefore any changes in the fatty acid profile may be due to the net effect
of dietary changes, rather than exercise-induced changes.

A more recent study compared the skeletal muscle membrane composition of
endurance trained and untrained individuals following 8 weeks of dietary
intervention, which saw both groups consuming diets with similar fatty acid
compositions [Andersson et al.,2000]. In comparison to the untrained group the
endurance trained individuals had a lower content of palmitic acid [16:0], dihomo-ãlinolenic [20:3(n-6)] and n-6/n-3 ratio, while they had higher levels of stearic acid
[18:0], DHA [22:6(n-3)], sum n-3, as well as increases in the ratios of arachidonic to
dihomo-ã-linolenic acid [20:4(n-6)/20:3(n-6)] (desaturase activity) and stearic to
palmitic [18:0/16:0] (elongase acitivity). These differences in phospholipid
composition resulted in the trained group having a 4% higher UI index than the
sedentary group. Even though subjects were supplied with diet guidelines and were
asked to record their diet intake using a 3-day food record, subjects were free living
and therefore it is possible that the groups differed in their dietary intake. Insulin
sensitivity measured by a euglycemic hyperinsulinemic glucose clamp, was
significantly higher in the trained group than the untrained group. Interestingly those
fatty acids that were in lower proportions in the trained group than the untrained
group were negatively correlated with insulin sensitivity, while those fatty acids that
were in higher proportions in the trained group than the untrained group (except DHA
[22:6(n-3)]) were positively correlated with insulin sensitivity.

Another exercise training study conducted by the same researchers as above
[Andersson et al.,1998] looked at the effects of exercise training on the skeletal
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muscle membrane composition of sedentary subjects. All subjects including the
controls were given a standardised diet with an identical fat composition. Those in the
training group completed a 6 week moderate intensity aerobic training program which
resulted in a significant reduction in palmitic acid [16:0], linoleic acid [18:2(n-6)] and
the sum of n-6 fatty acids ([18:2(n-6)], [20:3(n-6)], [20:4(n-6)]), there was also a trend
towards a decrease in arachidonic acid [20:4(n-6)](P = 0.077) and DHA [22:6(n-3)](P
= 0.066). Oleic acid [18:1(n-9)] was the only fatty acid to increase in the membranes
of trained subjects. However the results showed that the UI index of the trained group
did not change significantly over the training period, and was not significantly
different to that of the sedentary group. Incidentally over the training period sedentary
controls did not exhibit any changes in their fatty acid composition. These results
suggest that exercise training did not have an effect upon the level of total
unsaturation of the skeletal muscle membranes. Even though food was supplied to the
subjects so that they consumed similar dietary fatty acids, once again they were free
living and therefore differences in the diet of subjects cannot be ruled out. Also at
baseline the exercise group was significantly younger than the sedentary group (36 ±
8 yr vs 44 ± 6 yr) and they may have been somewhat more active as they had a trend
towards a higher V O2 peak (39.5 ± 7 ml.min-1.kg-1 vs 33.8 ± 5.6 ml.min-1.kg-1).
.

This may have lessened the impact of the exercise training as these subjects may have
been trained to some extent prior to the study.

The problem of dietary control was addressed in a study by Helge and
colleagues [Helge et al.,2001]. Within this study subjects performed endurance
training of the knee extensors on 1 leg for 4 weeks. The other leg served as a control.
After 4 weeks of training the authors observed significant changes in the muscle
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membrane phospholipid fatty acid composition. The trained leg had significantly
higher levels of 18:1(n-9), 18:1(n-7) and 22:6(n-3). In addition looking at the
composite measures the sum of unsaturated fatty acids were higher in the trained
group than the untrained group (this was revealed in a post hoc test which showed a
difference only within the 28 days values P = 0.017). Also, in the trained leg the n-6
to n-3 ratio was significantly lower than the untrained leg, and the ratio of oleic acid
[18:1(n-9)] to palmitic acid [16:0] (this ratio indicates 9-desaturase activity, which is
a desaturase enzyme that converts stearic acid [18:0] to oleic acid [18:1(n-9)]) was
significantly higher in the trained leg compared to the untrained leg. Finally the
results also showed that the UI index of the trained leg was 7% higher than the
untrained leg. As this study was not confounded by dietary fatty acid intake, it shows
that endurance training had an independent effect on the membrane fatty acid
composition of the recruited muscles, to increase its unsaturation.

The above studies suggest that there is a difference between the effect
of exercise on muscle membrane phospholipid composition in humans and rats. It
appears in rats that exercise training leads to a depletion of the unsaturated fats within
the membrane, while in humans exercise training seems to increase the unsaturation
of the membrane. One possible reason for the discrepancy is the fact that it is
extremely difficult to control the dietary intake of free-living humans, while in rat
studies tight dietary control is easily obtained. Helge and co-workers tried to get
around this by using a one legged model. Exercise of only one leg would have
minimised the whole-body use of unsaturated fatty acids and therefore the effects seen
might well reflect the ‘drive’ to change muscle membrane lipid composition in
response to exercise.
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The difference between the rat and human responses to exercise may just be a
species difference, however considering the strong effect that dietary intake has on
membrane composition, the difference may be due to dietary intake. If diet intake is
the answer it is possible that the depletion of unsaturated fatty acids from the
membranes with exercise may trigger some intrinsic drive to consume more
unsaturated fatty acids. If this intrinsic drive does exist free-living, exercising humans
could quite easily increase their consumption of unsaturated fatty acids and avoid
membrane depletion, while rats on a set diet cannot adjust their dietary intake and
therefore are unable to avoid the depletion of unsaturated fatty acids from their
membranes. The existence of this intrinsic drive will be examined later on in this
thesis.
1.9.3 Effect of Skeletal Muscle Triglyceride Content and Composition on Insulin Action

It has been reported that individuals with Type II diabetes have increased
muscle triglyceride levels when compared to healthy controls [Falholt et al.,1988]. A
similar finding has been reported in Type I diabetics [Standl et al.,1980]. In support of
this, stored triglyceride levels have been shown to have a negative inverse relationship
with M in both rats [Storlien et al.,1991] and humans [Manco et al.,2000; Boden et
al.,2001]. A study of 38 non-diabetic Pima Indians showed a negative correlation
between muscle triglyceride levels and both M (r = -0.53, p < 0.001) and nonoxidative
glucose disposal (r = -0.48, p < 0.005) [Pan et al.,1997]. Similar findings have been
reported by Manco et al [Manco et al.,2000], who found that M was negatively
correlated with muscle triglyceride levels (r = -0.75, p < 0.0001) in non-diabetic
patients. Also, Boden and colleagues [Boden et al.,2001] found that muscle
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triglyceride levels changed acutely in what they described as a dose-dependent way
with changes in plasma free fatty acid levels (r = 0.74, p < 0.05). When plasma free
fatty acid levels were increased by 700 and 1400 ìmol/L, they saw corresponding
increases in muscle triglyceride of 9% (P<0.04) and 33% (P<0.02) respectively. Also
the increase in intramyocellular triglyceride was associated with a 40% increase in
insulin resistance. These results suggest that elevated muscle triglyceride levels are
related to insulin resistance.

1.9.3.1

Possible

Mechanisms

behind

the

relationship

between

Muscle

Triglyceride Content and Composition and Insulin Action

Skeletal muscle has a readily available store of energy in the form of muscle
triglyceride. In obesity and Type II DM we see an increase in the lipid content within
and surrounding muscle fibres. Elevated muscle triglyceride levels increases the
amount of FFA available to be used as a fuel, which can impede insulin action in a
number of ways:

1.

Increased fatty acid levels compete with glucose for oxidation. This
decreases the amount of glucose oxidised which subsequently reduces the
amount of glucose taken up into the cell and leads to insulin resistance
(Randle cycle) (support for this is detailed in section 1.9.1.1).

2.

Increased synthesis of DAG, which activate PKC isoforms thought to
interfere with insulin signalling (support for this is detailed in section
1.9.1.1.1).
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3.

Over supply of lipids will lead to the inhibition of glycolysis and increase
the flux through the hexosamine pathway, which has a negative impact on
insulin action (support for this is detailed in section 1.9.1.1.3).

4.

Elevated levels of fatty acids increase the production of ceramides which
impede insulin action through increased PKC activity (support for this is
detailed in section 1.9.1.1.2).

What is confusing is that trained humans and trained animals, exhibit muscle
triglyceride levels that are the same or higher than untrained controls [Hurley et
al.,1986; Essén-Gustavsson & Tesch,1990]. If increased levels of skeletal muscle
triglycerides are associated with decreased insulin sensitivity, why is it that athletes
who have augmented insulin sensitivity exhibit elevated muscle triglyceride levels?
One possibility is illustrated by the observation that the mitochondria of trained dogs
have been shown to be in closer contact with muscle triglyceride droplets than those
in untrained animals [Taylor et al.,1994]. This could possibly increase the ability of
trained individuals to mobilise triglycerides as an energy source. This has been
supported in a study where individuals in a trained state exhibit a greater utilisation of
muscle triglycerides during exercise [Hurley et al.,1986].

Another possibility is that the level of triglycerides in the muscle is not as
important as the fatty acid composition of the triglycerides. Like muscle membrane
phospholipid composition, muscle triglyceride fatty acid composition may have a
relationship with insulin sensitivity. Therefore exercise may alter the triglyceride
composition of the muscle and therefore improve insulin sensitivity.
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Andersson and co-workers [Andersson et al.,2000] found that trained athletes
had a lower proportion of palmitic acid [16:0] and palmitoleic acid [16:1(n-7)] and an
increase in heptadecanoic acid [17:0] and alpha-linolenic acid [18:3(n-3)] in their
skeletal muscle triglycerides, when compared to untrained subjects. Also the palmitic
acid [16:0] content of skeletal muscle triglycerides has been shown to be negatively
correlated with M (r = -0.33, p<0.04) [Vessby et al.,1994]. Also obese subjects have
been shown to have an increased concentration of saturated fatty acids in their skeletal
muscle triglycerides, compared to lean controls [Manco et al.,2000]. Further, Manco
and colleagues [Manco et al.,2000] observed that M was inversely correlated with the
level of palmitic acid (C16:0) found in the triglyceride stores (r = 0.812, p < 0.001).

In contrast some studies show no effect of exercise on the composition of
muscle triglycerides. Helge and colleagues [Helge et al.,2001] found that 4 weeks of
exercise training did not affect an individual’s muscles triacylglycerol fatty acid
composition. Also Andersson et al. [Andersson et al.,1998] found that 6 weeks of
aerobic exercise training did not alter the fatty acid profile of skeletal muscle
triglycerides in sedentary middle aged males.

The literature indicates that it is uncertain as to: i) whether exercise has a
significant effect on muscle triglyceride composition and ii) why athletes have
elevated insulin sensitivity in the face of elevated muscle triglyceride levels, when
increased triglyceride levels correlate with insulin resistance in other conditions.
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1.9.4 Effect of Oxidative capacity on Insulin Action

The oxidative capacity of the muscle refers to the muscles ability to oxidise
fuel for energy, and it can be measured specifically by measuring the activity of
oxidative enzymes such as citrate synthase (CS) and succinate dehydrogenase (SDH),
which reflect the potential activity of the mitochondrial oxidative pathways. CS is an
enzyme that catalyses the first step in the Krebs cycle (condensation of oxaloacetate
and acetyl CoA to form citrate). Levels in muscle have been shown to be negatively
correlated with visceral obesity [Hickey et al.,1995] [Simoneau et al.,1995], but
positively correlated with lipid oxidation, whole body insulin action, and rates of
glucose uptake following insulin stimulation [Colberg et al.,1995; Hickey et al.,1995;
Simoneau & Kelley,1997]. This suggests that oxidative capacity as indicated by CS
activity, may be related to both the post-absorptive utilisation of free fatty acids and
insulin sensitivity.

A reduced activity of CS indicates a reduction in the oxidation of fuel. If there
is a decrease in the usage of fuel, intermediates involved in glycolysis will accumulate
and lead to a reduction in the amount of glucose being taken up into the cell. Studies
have shown that individuals with Type II diabetes demonstrate a reduced activity of
oxidative enzymes (CS, cytochrome-c oxidase) and an increased activity of glycolytic
enzymes (PFK, glyceraldehyde phosphate dehydrogenase, HK) [Simoneau &
Kelley,1997]. Also Simoneau and colleagues [Simoneau et al.,1995] showed that
insulin resistant obese individuals had low levels of aerobic-oxidative enzymes and
were thus ill equipped for substrate oxidation. In addition the same researchers
showed that type II diabetics and both lean and obese non diabetics exhibited a
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negative correlation between insulin sensitivity and the HK/CS ratio [Simoneau &
Kelley,1997]. Moreover, middle-aged well trained individuals exhibiting greater
insulin sensitivity than their untrained matched controls, also exhibited elevated levels
of oxidative enzymes [Bjorntorp et al.,1972]. In support James and co-workers (James
et al., 1985) showed that oxidative skeletal muscles such as the soleus and red
gastrocnemius had enhanced insulin sensitivity in comparison with glycolytic muscle,
such as white gastrocnemius, in response to insulin stimulation or exercise. Finally,
Kriketos and co-workers [Kriketos et al.,1996] showed that reductions in oxidative
capacity are related to increased total body adiposity, while increased oxidative
capacity was associated with leanness. This study also showed that the lower the CS
activity the more obese and insulin resistant the individual.

The oxidative capacity of skeletal muscle can be enhanced by physical training. This
occurs as a result of an increase in the activity of mitochondrial oxidative enzymes,
such as SDH and CS [Astrand,1960; Wallberg-Henriksson et al.,1982]. Both rat and
human studies show that aerobic training leads to an increase in the activity of
oxidative enzymes [Baldwin et al.,1972; Henriksson,1977; Luginbuhl et al.,1984].
Resistance training has also been shown to lead to improvements in the oxidative
enzyme capacity of the muscle [Komi & Viitasalo,1978]. Thus it is possible that the
driving mechanism behind the improvement in insulin sensitivity following exercise
is increased oxidative enzyme activity.
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1.10 Summary

Type II diabetes is a condition that has a negative effect upon the health and
quality of life of those who suffer from it. As insulin resistance is thought to be the
underlying cause of type II diabetes [Reaven,1988b], it is essential that we understand
what leads to the development of insulin resistance and what therapies can control it.

Exercise training is thought to have a positive effect on insulin resistance as
physically active people display greater levels of insulin sensitivity when compared to
untrained individuals [Lohman et al., 1978; King et al.,1987; Vestergaard et al.,1994;
Hardin et al.,1995]. Also exercise training studies (both resistance and aerobic
exercise) show increases in insulin sensitivity following exercise intervention
[Mikines et al.,1989; Dela et al.,1992; Kirwan et al.,1993; Miller et al.,1994].
However there is a lot of conflicting evidence in this area which is possibly due to the
inconsistencies of the literature which differs in the populations used, nature of the
exercise training (mode, duration and intensity) and methods to assess insulin action.
As a result there are many questions about the effect of exercise on insulin action that
remain unanswered. First of all, it is still unknown as to whether the effects of
exercise on insulin sensitivity are long lasting or simply the result of the last exercise
bout. Secondly the mechanism by which exercise improves insulin sensitivity remains
unclear. Finally, it is uncertain as to what type of exercise training (aerobic or
resistance) is the most effective in its ability to improve insulin action.

It appears that aerobic exercise affects glucose regulation in 2 phases [Garetto
et al.,1984]. The first phase occurs immediately after exercise and is characterised by
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an increase in glucose uptake that occurs independently of insulin [Garetto et
al.,1984; Young et al.,1987]. This period lasts for approximately 2 hours. The second
phase requires the presence of insulin and is characterised by a period of increased
insulin sensitivity [Garetto et al.,1984]. This second phase has been shown to last as
long as 48 hours in subjects performing a single bout of exercise in the untrained state
[Mikines et al.,1988]. What is uncertain is whether regular exercise training will
prolong the effect past this time period. The data showing increases in insulin
sensitivity with exercise training 48 hours after the last exercise bout is quite strong [
Soman et al.,1979; Dengel et al.,1996]. However, studies looking at increases in
insulin sensitivity beyond 48 hours, report conflicting results and some of those that
do report a beneficial effect are confounded by changes in diet [Bogardus et al.,1984;
Hughes et al.,1995]. Also athletes that stop training for 60 hours have a reduction in
their insulin sensitivity such that it is no longer different to untrained individuals. As
aerobic exercise training has not conclusively been shown to improve insulin
sensitivity beyond the effects seen with a single bout of exercise, it could be plausible
to think that the effects of exercise training on insulin action are merely due to the last
training session. However, there is evidence to suggest that the effect of a single bout
of exercise on insulin sensitivity is more powerful in a trained state [Heath et al.,1983;
Perseghin et al.,1996]. More research needs to be performed in this area before firm
conclusions can be made.

The effect of resistance training and its influence on insulin sensitivity shows a
similar pattern to that seen in aerobic exercise training, with studies reporting an
improvement in insulin sensitivity 48 hours after the last exercise bout [Miller et
al.,1994; Ishii et al.,1998]. However the studies looking beyond this period show
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conflicting results. There were no studies looking at the effects of a single bout of
resistance exercise. This was possibly due to the fact that resistance training is a
learned skill and is very difficult to perform an acute bout without prior training.
However it is plausible to think that like aerobic training the effects of the last bout of
resistance training would last 48 hours. Therefore like aerobic training the benefit of
resistance training on insulin sensitivity may be due to the last exercise bout.

There are very few studies that have looked at comparing the effect of RT and
AT on insulin action. Those that have examined this area fail to match the two
training paradigms so that both groups are doing a similar amount of physical work.
Therefore these studies do not represent a true comparison of the two training
paradigms.

Over the years a number of possible mechanisms have been suggested for the
change in insulin sensitivity brought about by exercise training. This thesis will
examine the relationship between the following variables and changes in insulin
sensitivity following exercise training: changes in body composition, changes in
skeletal muscle triglyceride composition, changes in skeletal muscle membrane
phospholipid composition, and increased oxidative capacity of skeletal muscle.


Changes in body composition. Individuals with elevated levels of body fat
have also been found to exhibit increased levels of plasma FFA
[Gorden,1960; Reaven et al.,1988; McGarry,1992; Frayne,1993; Boden et
al.,1994]. Elevated plasma FFA levels can impede insulin action in a number
of ways. Some of which are competition with glucose for oxidation,
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increased flux through the hexosamine pathway and the stimulation of both
PKC activity and ceramide production. This is detailed in section 1.9.1.1.


The membrane phospholipid fatty acid composition of a cell has been related
to insulin action. In particular high levels of saturated fatty acids are thought
to impede the insulin signalling process directly or indirectly via the
stimulation of PKC as well as stimulating the formation of ceramides. In
addition the fatty acid composition of the membrane may affect the binding
of GLUT-4 to the membrane. This is detailed in section 1.9.2.2. In addition it
appears that the effect of exercise on the membrane phospholipid fatty acid
composition of rats and humans differs with exercising rats exhibiting a more
saturated membrane and exercising humans a more unsaturated membrane
[Thomas et al.,1977; Kriketos et al.,1995; Helge et al.,1999; Andersson et
al.,2000; Helge et al.,2001]. It is possible that this difference is due to
alterations in dietary intake, if this is the case is there the presence of some
intrinsic drive to replenish depleted unsaturated fatty acid stores.



Elevated levels of muscle triglycerides have been related to decreased insulin
sensitivity, the mechanism behind this is thought to be the over supply of
FFA to the cells which will decrease glucose uptake through competition for
oxidation, increased flux through the hexosamine pathway and increased
PKC activity and over production of ceramides. What is confusing is that
athletes who exhibit elevated insulin sensitivity have muscle triglyceride
levels that are greater than untrained individuals. One explanation is that the
actual fatty acid composition of the triglycerides in athletes is different to
that of sedentary individuals, this is supported by the fact that athletes
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possess muscle triglycerides that are less saturated than untrained subjects
[Vessby et al.,1994; Andersson et al.,2000]. This is detailed in section 1.9.3.


Finally elevated oxidative capacity has been related to improved insulin
sensitivity and negatively related to decreased insulin action and elevated
body fat levels. However there is still very much about the relationship
between oxidative enzyme capacity and insulin action that is unknown. This
is detailed in section 1.9.4.

1.11 Aims and Hypothesis

The overall aim of this thesis is to extend the understanding of the role that
exercise has on insulin action in relation to type II diabetes in humans. The human
population used in this thesis were males aged between 30 and 55 years, who were
overweight and inactive. This population was chosen as they are thought to be at risk
of developing type II diabetes [Eriksson,1999]. This allowed the examination of the
effect of exercise on insulin sensitivity in an at risk population.

The first aim of this thesis is to investigate if the beneficial effects of
resistance and aerobic exercise training on insulin sensitivity are still present once the
acute effects of the last bout of exercise have worn off. To achieve this the effects of
aerobic and resistance exercise training on insulin sensitivity 72 hours after the last
bout of exercise will be examined. 72 hours was chosen as this time period allows the
effects of the last exercise bout to subside. It is hypothesised that resistance and
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aerobic training will lead to a significant improvement in both peripheral and hepatic
insulin sensitivity 72 hours after the last exercise bout.

The second aim of this thesis is to investigate which type of exercise training
(aerobic or resistance) has the greater effect on improvements in insulin sensitivity 72
hours after the last exercise bout. It is hypothesised that aerobic exercise training will
have a greater effect on both peripheral and hepatic insulin sensitivity 72 hours after
the last exercise bout.

The third aim is to investigate some of the possible mechanisms involved in
the relationship between exercise and improved insulin sensitivity. The following is
hypothesised:
-

Changes in body fat measures will not be related to changes in peripheral and
hepatic insulin sensitivity in either group.

-

Changes in oxidative enzyme (eg, CS) activity will be related to changes in
peripheral and hepatic insulin sensitivity in both groups.

-

Changes in membrane phospholipid composition will be related to changes in
peripheral and hepatic insulin sensitivity in both groups.

-

Changes in muscle triglyceride fatty acid composition will be related to
changes in peripheral and hepatic insulin sensitivity in both groups.

The forth aim of the thesis is to investigate the effect of an exercise
intervention on the consumption of fatty acid subtypes in humans and rats. It is
hypothesised that both human and rats will significantly increase their consumption of
PUFA and decrease their consumption of SFA in response to the exercise stimulation.
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The final aim of the thesis is to investigate the effect of voluntary exercise on
the membrane phospholipid fatty acid composition and muscle triglyceride fatty acid
composition of rats. It is hypothesised that the exercise would lead to a significant
decrease in the level of unsaturated fatty acids in rats and no change in muscle
triglyceride fatty acid composition.

1.12 Thesis Outline

Chapter 2, 3, 4 and 5 of this thesis will examine specific aspects of an
intensive exercise intervention human study. Chapter 2 is a methodological and
training validation chapter in which the overall design of the human study will be
outlined. Also this chapter will examine if the resistance and endurance training
programs had a significant training effect on a population of healthy, sedentary males.
Chapter 3 will look at the effects of exercise training on insulin sensitivity, by
comparing the results of various measures of insulin sensitivity before and after the
exercise training. Chapter 4 will consider the possible mechanisms involved in the
effect of exercise training on insulin sensitivity. Chapter 5 will examine any possible
changes in the subjects dietary intake over the training period. Finally chapter 6 will
examine the effect that exercise training has on the dietary selection of fatty acid
subtypes in rats, also it will investigate the effect that exercise has on both the skeletal
muscle triglyceride composition and skeletal muscle membrane phospholipid
composition of rats.
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CHAPTER 2
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CHAPTER 2. OVERALL STUDY DESIGN AND
SUBSTANTIATION OF TRAINING EFFECT
2.1 Introduction

One of the main aims of this thesis is to compare the effects of resistance and
aerobic training on insulin action. In order to do that it was imperative to choose
training programs that were physiologically different and specific, so that they
induced a training effect that was unique to that type of training. This chapter will
outline the design of the human study conducted within this thesis and focus on the
question of whether the training programs met the training goals and achieved
demonstrable training effects.

The resistance training program used in this thesis predominantly stressed the
glycolytic system and was geared specifically to increase strength and muscle mass.
Similar resistance training programs to the one used in this study have been shown to
significantly increase strength levels [Hurley et al.,1988; Miller et al.,1994; Ishii et
al.,1998]. Likewise, the endurance training program was chosen specifically to
provide stress to the aerobic system, and was designed to increase the endurance and
aerobic capacity of the subjects. Other studies have shown that comparable endurance
training programs lead to significant increases in maximal oxygen consumption
.

(V O2peak) [Allenberg et al.,1988; Tonino,1989; Segal & Edano,1991].
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One of the unique aspects of this thesis is the normalisation of the total
average external work performed within the two different training programs. Past
studies that have compared the effects of resistance and endurance training have often
failed to control for the amount of work performed by the two training programs. This
makes it difficult to compare the effects of the two different types of training.

2.2 Methods
2.2.1 Study Design
Figure 2.1 is a time line that outlines the human study design and indicates the
timing of the tests that were conducted. A control group was not used in this study, as
there are numerous reports from resistance and aerobic training studies which show
that under similar conditions, sedentary control subjects do not exhibit significant
.

changes in the parameters measured within this thesis (V O2peak, upper and lower
body strength, M, fasting insulin and glucose levels, blood lipid levels) [DeFronzo et
al.,1987; Hurley et al.,1988] [Seals et al.,1984; Simoneau et al.,1985; Houmard et
al.,1993; Smutok et al.,1993; Hersey et al.,1994; Dengel et al.,1996; Ishii et al.,1998]
[Higashi et al.,1999; Poehlman et al.,2000]. In addition 3 studies which compared the
effects of resistance and aerobic training on similar parameters measured in this
thesis, reported that the sedentary control group showed no significant change in any
.

of the parameters measured (V O2peak, upper and lower body strength, M, fasting
insulin and glucose levels) [Smutok et al.,1993; Eriksson et al.,1998; Poehlman et
al.,2000]. Therefore, effects seen in this thesis will be attributed to the exercise
intervention.
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Figure 2.1

Outline of the human study design
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2.2.2 Subjects
Twenty healthy sedentary males participated in this study, approved by the
University of Wollongong Human Ethics Committee. Females were excluded due to
actual or potential effects that hormonal fluctuations during the menstrual cycle may
have on any of the variables measured in this study. Sedentary individuals were
defined as those who participated in recreational exercise no more than once per week
and whose occupation did not require strenuous physical exertion. Sedentary subjects
were chosen as this would help maximize the effect of the training program. A
healthy population was used as subjects with pathologies may be put at risk from the
training program and their pathology may reduce the possibility that they will
complete the training. All subjects were aged between 30 and 55 years with a BMI
.

between 23 kg.m-2 and 40 kg.m-2 and a V O2peak less than 50 ml·kg-1·min-1.
Subjects were recruited through advertisements and media coverage. Prior to
participation in the investigation, each individual provided voluntary written,
informed consent to participate.

2.2.3 Screening Process

All subjects interested in participating in the study underwent a screening
process. This was to determine if the recruits matched the subject criteria, as well as
insuring that their participation did not present any risk to their wellbeing.

To fulfill the study criteria subjects had to be:


Male
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Untrained (no exercise training for 1 year and a job that did not involve strenuous
activity)



Between 30 and 55 years of age



V O2peak less than 50 ml·kg-1·min-1. This figure was used as past studies which
.

examine the maximal oxygen consumption of untrained individuals show that
maximal oxygen consumption in this subject groups can range from 30 – 46
ml.kg-1.min-1 [Soman et al. 1979; Bogardus et al. 1984; Schneider et al. 1984;
Lampman et al. 1985; King et al. 1987; Lampman et al. 1987; Eriksson, &
.

Lindgarde 1991; Segal & Edano 1991]. Therefore any individual with a V O 2peak
over 50 was excluded from the study as it was unlikely that they were untrained.


Free from any contraindications to exercise, such as heart disease, diabetes,
hypertension, dyslipidemia, joint or muscle problems

The screening process involved:
(i)

Medical History Questionnaire (Appendix A)

(ii)

Lifestyle History Questionnaire (assessing diet and exercise habits over the
preceding 12 months) (Appendix B)

(iii)

Fasting blood glucose measurement

(iv)

Resting seated blood pressure and resting 12-lead electrocardiogram (ECG)

(v)

Symptom-limited stress test to voluntary exhaustion (maximal exercise test
with 12-lead ECG monitor)

The screening process for all subjects began at 7am with the subjects having fasted
from 9pm the night before.
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2.2.4 Exclusion Criteria:

Individuals were excluded from the study on the basis of the following:
(i)

Contraindications to exercise, (eg. heart disease, diabetes, hypertension,
dyslipidemia, joint or muscle problems)

(ii)

Significant changes in body mass (± 10% of body mass) over the last 6 months

(iii)

Fasting blood glucose level was greater than 6.5 mmol.L-1, as this indicates the
presence of Type II diabetes mellitus.

(iv)

Resting seated blood pressure was greater than 140 systolic and/or 100
diastolic or any abnormalities in the resting 12-lead electrocardiogram

(v)

Any abnormalities in the 12-lead ECG during the stress test

2.2.5 Testing procedure

As detailed in Figure 2.1, 2 days after the screening process participants in the
study returned and underwent a diet history (DH) interview with a dietitian. The
following day subjects participated in a testing session, which included indirect
calorimetry, anthropometry, DEXA scan and a maximal oxygen consumption test.
Four days following, a euglycemic glucose clamp was performed and in addition a
muscle biopsy sample and fasting blood samples were obtained. Three days later
subjects underwent their initial exercise training session.

Following 10 weeks of exercise training, subjects underwent a second
euglycemic glucose clamp, and repeat muscle biopsy and fasting blood samples were
obtained, 72 hours after the last exercise bout. The following day, subjects completed
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a follow-up diet history. Three days after the diet history, subjects underwent the final
testing session, which included indirect calorimetry, anthropometry, DEXA scan and
a maximal oxygen consumption test.

A 10 week intervention period was chosen as this relatively short training
period reduces the chance of subject drop out. In addition past studies have shown
that 10 weeks of AT [Bogardus, et al., 1984; Lampman, et al., 1985; De Fronzo, et
al., 1987; Dela, et al., 1992; Hughes, et al.,1995] and RT [Craig, et al., 1989;
Eriksson, et al., 1998; Ishii, et al., 1998; Joesph, et al., 1999] is long enough to induce
significant changes in insulin action.

2.2.6 Maximal Oxygen Consumption:

.

Maximal Oxygen Uptake (V O 2 max) assesses the rate at which the body can
take in oxygen through the lungs, transport it to and utilise it in the working muscles,
and is regarded as the best single indicator of endurance fitness [McArdle et al. 1991;
.

Day et al. 2003]. V O 2 max during an exercise test is identified as the point where
further increments of work are accompanied by a plateau in oxygen uptake [Hill &
Lupton 1923; McArdle et al. 1991]. In tests conducted on untrained individuals
oxygen consumption does not readily plateau as leg fatigue usually causes the
.

cessation of the test. Under such condition peak oxygen uptake (V O

2

peak) is a

better measure and applies when a leveling off does not occur or the test performance
appears to be limited by local muscular factors rather than circulatory dynamics
.

[McArdle et al. 1991; Day et al. 2003]. V O 2 peak can be defined as the highest
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value of oxygen consumption measured during a graded exercise test and has been
.

shown to be a valid index of V O 2 max [Day et al. 2003].

.

V O2peak was determined using a ramp exercise protocol to voluntary
exhaustion on an electronically-braked cycle ergometer (Lode Excalibur Sport,
Groningen, Netherlands). The exercise protocol began with 2 minutes at 50 W
(watts), then the load on the ergometer was increased by 5 W every 12 s, until
voluntary exhaustion. Verbal encouragement was given to each subject to continue
cycling to ensure that they attained a peak exercise workload.

During the test subjects breathed through a Hans Rudolph 2-way valve (dead
space 115-ml), connected to the Sensor Medics 2900 Metabolic Measurement Cart
(Sensor Medics Corporation, Yorba Linda, CA, USA) by low resistance tubing. A
perspex headset held the valve in position while allowing freedom of movement.
Expired gases were collected by the Sensor Medics 2900 Metabolic Measurement
Cart system and analysed for oxygen and carbon dioxide concentrations every 20 s.

.

V O2peak was taken as the highest value for oxygen consumption (L.min-1)
obtained. Peak work rate (Wpeak) was taken as the highest work rate in watts obtained
at voluntary exhaustion. The Sensor Medics was calibrated using 2 beta gas standards
of known concentration spanning the physiological range.
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2.2.7 Strength Levels

Baseline lower body and upper body strength levels of the resistance and
aerobic training groups were determined using a 6 repetition maximum (6RM) squat
test (lower body strength) and a 6RM bench press test (upper body strength), during
the initial training session. Prior to the strength test, subjects warmed up on a cycle
ergometer for 5 minutes followed by some light stretching (both upper and lower
body stretches). They were then given a detailed explanation and demonstration of the
squat exercise on a Universal squat machine (Universal: USA) and the bench press
exercise on a Universal bench press machine (Universal: USA). Subjects performed
the squat test first. To begin with subjects performed the squat exercise a number of
times with very low resistance in order to familiarise themselves with the movement.
The test began with a weight, predicted to be the maximum weight for 6 repetitions.
After a 3-minute rest period, the exercise was repeated with additional weight and this
continued until the subject reached their maximum weight for 6 repetitions. This
process was repeated for the bench press exercise. Post intervention strength testing
was repeated 1 week prior to the last exercise bout

Participants in the RT group also performed 8 RM (maximum amount of
weight used for 8 repetitions) strength tests on the remaining exercises in the RT
program. In addition to providing information about changes in strength values, the
primary focus of these measurements was to set baseline values for the subjects first
week in the RT program. The 8 RM was chosen as it was closer to the rep range that
was employed in the RT program. The same protocol as the one used for the squat
and bench press test was employed.
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2.2.8 Training Program

Following the conclusion of the baseline tests subjects were randomly
allocated into 2 groups: a resistance training (RT) group and an aerobic training (AT)
group. Both groups were not significantly different at baseline in terms of age, height,
.

weight, BMI and V O2peak (Table 2.1). One group performed RT (n = 11) while the
other performed AT (n = 9). The duration of the training program for both groups was
10 weeks.

Total amount of external work for both training programs was predicted to
ensure that the two training groups were performing a similar amount of external
work. Workloads on the bike as well as weight lifted and its vertical displacement
during the lift were predicted using the performance of individuals that matched the
subject criteria. Each of these individuals (three individuals were used, they did not
participate in the study as they could not make the time commitment) performed both
training programs to establish the above measures. These values were substituted into
the equations outlined in section 2.2.8.1 and section 2.2.8.2. The training programs
were then adjusted for training volume until total amount of external work was within
5% of each other.

Following the conclusion of the training program a retrospective look at the
average total external work for both training groups was performed. In the AT group
the average workload (kiloponds) for all participants in the last week of training was
calculated and substituted into the equation outlined in section 2.2.8.1. Likewise for
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the RT group the average weight lifted and average vertical displacement for each
exercise in the final training week was calculated. The total external work for each
exercise was calculated using the equations in section 2.2.8.2. All the exercises were
added together and total external work for the RT program was calculated.

2.2.8.1 Prediction and Calculation of total external work performed by the
aerobic training group

External work performed during the endurance training sessions was
calculated using the formula:
Work

=

Force

X

Distance

Where:
Work = Joules (J)
Force = Mass x Acceleration (kp)
Distance = in metres the distance travelled by the force (m)

The force during the cycling program was the load at which they were riding
in kiloponds. This value was then multiplied by the distance that the wheel on the
cycle ergometer moved per revolution. This value was then multiplied by the number
of revolutions per minute and the number of minutes of cycling, to determine the total
amount of external work performed during each training session.
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2.2.8.2 Prediction and Calculation of total external work performed by the
resistance training group
External work performed during the resistance training protocol was
calculated using the same formula as that used in the endurance training group.
However the variables used within the formula were calculated differently.

Work

=

Force

X

Distance

Where:
Work = Joules (J)
Force = Mass x Acceleration (N)
Mass = mass moved in kg
Acceleration = effect of gravity (9.8 m.s-2)
Distance = how far the force travelled against gravity in the vertical plane (m)

Values used in this calculation were the average weights lifted and distances
moved by the participants. External work performed in the concentric phase for each
exercise was calculated then multiplied by the number of repetitions performed per
session for that exercise. The total external work performed for all the exercises was
obtained by adding together the values for each exercise.
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2.2.8.3 Aerobic training program

The endurance exercise training involved cycling on a stationary cycle
ergometer 3 days per week for 10 weeks. The duration of each exercise session was 1
hour. A 5-minute warm up was followed by three, 15-minute sets of cycling, with a 5
minute rest period between each set. Each session was concluded by a final 5 minute
warm-down. During these sessions subjects exercised at 60 revs/min. For the first
.

week of training, subjects began exercising at 60% of their estimated V O2 peak. The
workload was increased by 5% each week up until week 6, at which point the subjects
.

were exercising at 80% of their V O2

peak.

At the beginning of week 6, subjects
.

underwent a second maximal exercise test to determine any increases in V O2

peak.

Subjects exercised for the remainder of the training period at a workload that
.

corresponded to 70% of the new V O2 peak.

Results from the maximal exercise test were used to calculate the subject’s
exercise intensity over the course of the study. This was determined by taking a
percentage of peak work-rate during the maximal exercise test. Unpublished
observations from our laboratory show that X% of workrate peak corresponds to
.

X+10% of V O2peak [Osbourne, M., Regan, J. (1994) (unpublished observations) and
Wilsmore, B. (1999) (unpublished observations).

.

Eg.

50% V O2peak = 0.40* workrate peak.

98

During the initial training session, subjects in the aerobic group performed a
6RM on squats and bench press to determine upper and lower body strength levels
(The procedure for which is outlined in section 2.2.7 Strength Levels). This was
repeated 1 week prior to the end of the training program in order to measure any
changes in lower or upper body strength.

2.2.8.4 Resistance training

For 10 weeks, subjects were trained 3 times per week on a pin-loaded
Universal multi-station machine (Universal; USA). During each training session,
subjects performed 3 sets of the following 6 exercises: leg extensions, squats, leg
curls, pull-downs, bench press, and upright rows. The exercises were selected to stress
each major muscle group, using relatively gross motor movements. For each exercise,
subjects performed 2 warm-up sets of 10 repetitions using lightweights, followed by 3
sets of 10 repetitions. These were executed using the maximum amount of weight
possible to successfully complete the desired repetitions. The amount of weight used
was continually increased during the study to ensure that no more than 10 repetitions
per set were performed. Subjects rested for 1 minute between each set. The concentric
activation phase and the eccentric activation phase were performed in 2 and 4 seconds
respectively.

The values obtained in the strength test were used to calculate the initial
intensity of the training program. In the first week, subjects trained at 60% of these
values and then at 80% for the second week. By the third week, subjects were lifting
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weights at 100% of their capacity. They were encouraged to continually increase the
amount of weight they were lifting for 10 reps, while still maintaining proper lifting
technique. Subjects maintained a training diary recording the weights lifted during
each session. At the end of the training period, the maximum amount of weight lifted
for 6 RM was retested on the squat and bench press machines. This was used to
indicate changes in upper and lower body strength over the 10-week period. In
addition 8RM tests were performed on the remaining exercises to determine changes
in strength for each exercise. All exercise sessions were conducted under the
supervision of a qualified exercise physiologist.

2.2.9 Statistical Methods
Results are expressed as mean ± SEM. Statistical analysis was conducted
using JMP statistical package version 3.2.2 (SAS Institute Inc. Cary, NC). Un-paired
T-tests were performed on subject’s baseline characteristics to determine any
differences between the 2 groups at baseline. A 2-way repeated measures ANOVA
with training group as a main effect was used to determine how the 2 groups
responded to the training period. When a significant group by intervention effect was
seen in the 2-way ANOVA, paired t-tests were used to isolate within-group effects.

2.3 Results
2.3.1 Subject Characteristics

Baseline mean values and standard deviations obtained from all subjects
.

(n=20) for age, weight, height, BMI, and V O2peak are shown in Table 2.1. The groups
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did not differ significantly at baseline in any of these variables. Subjects ranged in age
from 30 to 53 years with an average age of 46.0 ± 4.5 years in the RT group and an
average age of 43.0 ± 7.0 years in the AT group. Both groups were on average
overweight (BMI: RT = 29.6 ± 4.9, AT = 28.9 ± 3.9) and had a low V O2peak (RT =
.

35.0 ± 6.0 ml.kg-1.min-1, AT = 34.8 ± 4.5 ml.kg-1.min-1).

2.3.2 Compliance

All subjects involved in the study had a compliance rate (number of training
sessions completed per number of training sessions in the study) greater than 85%.
Out of the 30 training sessions that made up the training period, the average number
completed by the subjects was 29 ± 1 (mean ± SD).
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Table 2.1: Subjects baseline characteristics
.

Subjects

Age

Weight

Height

BMI

V O2 peak

(AT)

(yr)

(kg)

(cm)

(Kg.m-2)

(ml·kg-1·min-1)

1

43

95

181

29

35.29

2

34

92

171

32

39.62

3

50

79

184

23

26.99

4

30

96

187

28

39.18

5

43

114

176

37

33.80

6

46

98

178

31

28.45

7

49

87

179

27

38.45

8

46

85

181

26

37.29

9

47

88

182

27

34.53

Mean

43.0

92.7

179.9

28.9

34.8

SD

7.0

9.8

4.7

3.9

4.5

Subjects

Age

Weight

Height

BMI

V O2 peak

(RT)

(yr)

(kg)

(cm)

(Kg.m-2)

(ml·kg-1·min-1)

10

49

83

176

27

37.14

11

44

81

171

28

41.57

12

38

77

179

24

39.14

13

41

68

171

23

45.75

14

53

94

178

30

29.43

15

45

83

171

28

29.96

16

46

122

177

39

26.30

17

43

93

181

28

33.95

18

52

98

188

28

31.85

19

47

113

178

36

20

43

107

175

35

34.84

Mean
SD

46.0

92.6

176.8

29.6

35.0

4.5

16.5

5.1

4.9

6.0

.

Abbreviations: SD = standard deviation; AT = Aerobic training group; RT = Resistance training group.
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2.3.3 Estimation of total amount of work performed

After the completion of the exercise training, average external work performed
for both groups was calculated using known values from the last week of training.
The average external work performed for the endurance group was 41.5 kJ and 43.0
kJ for the resistance-training group. This equates to a 4% difference between the two
groups.

2.3.4 Maximal Oxygen Consumption

.

The results of the V O2peak test are presented in Table 2.2. The 2-way repeated
measures ANOVA showed that there was a significant intervention effect which
.

demonstrates that the training program had a significant effect on V O2peak. There was
also a significant group by intervention interaction indicating that the two groups
responded differently to the intervention. This reflects the substantial increase (17%)
in the AT group and the small drop (1%) in the RT group (Figure 2.2). Post-hoc
.

analysis of the change in V O2peak using paired t-tests on both groups showed a
significant increase in the AT group, while the RT group did not change significantly.
Time to exhaustion during the maximal oxygen consumption test showed a significant
group effect indicating that the average of each group over the two time points were
different to each other. There was also a significant intervention effect for time to
exhaustion, between groups, in response to the intervention. Time to exhaustion in the
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AT group increased significantly (22%) but did not change significantly in the RT
group (4% increase) (Figure 2.3).

Table 2.2. Maximal Oxygen Consumption test
Aerobic Group

Resistance Group

2-way ANOVA

Pre

Post

Pre

Post

G

I

GXI

34.5 ± 1.7

40.5 ± 2.5*

35.3 ± 2.1

34.9 ± 1.4

NS

< 0.05

< 0.05

9.9 ± 0.4

12.1 ± 0.6*

9.4 ± 0.3

9.8 ± 0.1

< 0.05

< 0.05

< 0.05

.

V O2peak
-1

-1

(ml.kg .min )
Time to
Exhaustion
(minutes)
Note: Values are Mean ± SEM. Abbreviations: Pre = Before the training program; Post = After the
training program; G = Group effect; I = Intervention effect; G X I = Group by Intervention Interaction;
NS = not significant; p < 0.05 = a significant effect, * = p< 0.05
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Resistance Group
Aerobic
Group

VO2peak (ml.kg-1.min-1)

44
42
40
38
36
34
32
30

Pre-Intervention Post-Intervention
Time Period

.

Figure 2.2. Change in average V O2peak for both groups over the study period.
Points are mean values with their standard errors represented by vertical bars.

R e sis ta n c e G ro u p
A e ro b ic G ro u p
14

Time to exhaustion (mins)

13

12

11

10

9

8

7
P re -In te rv e n tion

P os t-Inte rv e n tio n

T im e P e rio d

Figure 2.3: Change in average time to exhaustion for both groups over the study
period. Points are mean values with their standard errors represented by vertical bars.
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2.3.5 Strength Levels

Table 2.3 shows the changes in subjects’ upper body and lower body strength
levels over the training period. The analysis revealed a significant intervention effect
and a group by intervention interaction for upper and lower body strength levels. This
indicates that the upper and lower body strength levels for both groups changed
significantly over the training period and that this significant response was different
between the two groups. Post-hoc analysis of the change in lower body strength using
paired t-tests on both groups showed a significant increase in both groups. However
looking at Figure 2.4 it is obvious that the increase in the RT group (64%) was much
greater than the increase in the AT group (22%). In addition the AT group had a
significantly higher baseline value for lower body strength than the RT group. Posthoc analysis of the change in upper body strength using paired t-tests on both groups
showed a significant increase in the RT group but no change in the AT group. This is
reflected by the 54% increase in the RT group and the 1% increase in the AT group
(Figure 2.5).
Table 2.3. 6RM strength test for the squat and bench press exercise
Aerobic Group

6RM
Squat (kg)
6RM
Bench
Press (kg)

Resistance Group

2-way ANOVA

Pre

Post

Pre

Post

G

I

GxI

90 ± 8

108 ± 11*

61 ± 4

105 ± 4*

NS

< 0.05

< 0.05

37 ± 3

39 ± 3

33 ± 4

55 ± 3*

NS

< 0.05

< 0.05

Note: Values are Mean ± SEM. Abbreviations: 6RM Squat = Maximum amount of weight lifted during
a squat for 6 repetitions; 6RM Bench Press = Maximum amount of weight lifted during a bench press
for 6 repetitions; Pre = Before the training program; Post = After the training program; G = Group
effect; I = Intervention effect; G X I = Group by Intervention Interaction; NS = not significant; p <
0.05 = a significant effect. * = p < 0.05.
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R e s is t a n c e G r o u p
A e r o b ic G r o u p

130
120

6 RM Squat Test (Kg)

110
100
90
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Figure 2.4: Change in average lower body strength levels for both groups over the
study period. Points are mean values with their standard errors represented by vertical
bars.

R e s is ta n c e G ro u p
A e r o b ic G ro u p
60

6RM Bench Press Test (Kg)

55

50

45

40

35

30
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P re -In te rv e n tio n

P o s t-In te rv e n tio n

T im e P e rio d

Figure 2.5: Change in average upper body strength levels for both groups over the
study period. Points are mean values with their standard errors represented by vertical
bars.
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2.4 Discussion

Even thought there was no significant difference between the two intervention
groups in terms of age, the participants in this study had a wide age range (30 – 55
years). From a mechanistic point of view this was not advantageous, however due to
the limitation of time and resources it wasn’t possible to recruit a larger group of
participants which then could be analyzed in terms of a more homogenous age range.
From a clinical point of view this does not seem to be disadvantageous as this is an
age range that often develops Type 2 diabetes and is representative of a population
that would be targeted by this type of intervention. Differences in age may also affect
the progression of type 2 diabetes, however individuals with recognized disease were
excluded from the study. Never the less it is acknowledged that there may be varying
levels of some clinical abnormalities that could change with age in some systematic
way.

Variety in age range may also affect the participant’s physical activity/exercise
history. Younger participants who were active as children are obviously closer to this
time compared to those that were 50. However all participants in this study had not
participated in any formal exercise training during their adult life and were sedentary
in their occupation. This was supported by the fact that none of the individuals in the
study had a V O2peak that was above the predetermined cut off of 50 ml·kg-1·min-1.
.

108

At baseline both groups were not significantly different from each other in
.

terms of age, weight, height, BMI and V O2peak. This was essential as various
comparisons between the 2 groups were made throughout this thesis. The only
measurement that differed at baseline was leg strength as measured by the 6RM squat
test. The leg strength of the RT group was significantly less (P<0.05) than the AT
group. In an attempt to establish a possible reason for the difference between the two
groups in terms of lower body strength their duties at work and past exercise history
was reviewed. Upon review there was no obvious reason for the difference and the
reason for this difference was put down to chance. However due to the fact that the
major interest was in changes in strength levels over the training period this difference
at baseline was not perceived as a problem.

The two exercise training programs did achieve their desired effect, which was
to produce different and specific training responses. This was shown in the results of
.

the V O2peak test and the upper and lower body strength tests. The AT group had a
.

significant increase in both time to exhaustion and V O2 peak, while the RT group had
no significant change in either of these. This indicates that the AT group had a
significant increase in aerobic capacity while the RT did not. The lack of change in
the RT group was expected as past studies show that resistance training does not
.

induce a significant change in V O2 peak [Hurley et al.,1988; Craig et al.,1989; Smutok
et al.,1993; Miller et al.,1994; Ryan et al.,1996; Ishii et al.,1998]. Also past studies
have shown that untrained subjects following similar aerobic exercise protocols,
.

experience comparable increases in V O2 peak as those seen in this study [Soman et
al.,1979; Krotkiewski et al.,1985; DeFronzo et al.,1987; Segal & Edano,1991].
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The RT group exhibited a 64% increase in lower body strength while the AT
group had a 22% increase. The increase in the RT would be due to the specific
strength work they were performing in their training program. Even though the AT
program was geared towards increasing aerobic endurance with no specific strength
training, 3, 45-minute sessions of cycling for 10 weeks against resistance resulted in
an increase in leg strength. The RT group had an increase in upper body strength
(54%). This was expected as the RT group was performing specific upper body
strength work. In contrast the AT group had no changes in their upper body strength,
this was also expected as their upper body was not actively worked in their training
program. When comparing the above changes in strength to those seen in other
studies using a similar population and training protocol [Hurley et al.,1988; Smutok et
al.,1993; Miller et al.,1994], the increases in strength were equal to or larger than
those seen in other studies. This indicates that the subject’s response to the RT
protocol was equal to or greater than that of previous studies.

The difference in the subject’s adaptations, which were specific to their
training program, indicated that the two exercise programs were successful in
invoking both unique and different training responses.

All subjects attended at least 85% of the scheduled training sessions, this was
important to establish a true training effect. Also all subjects completed each training
session at the desired exercise intensity. One consistent anecdotal observation was
that the members of the RT group looked forward to each training session and paid
close attention to their progress, while the AT group found their training tedious and
boring. This discrepancy in training enthusiasm would have had less of an effect on
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the results of this study, as the AT program is set up so subjects must complete a set
number of minutes, at a set cadence, at a set resistance. The RT program on the other
hand is to a degree affected by the subject’s enthusiasm. Subjects in this group were
encouraged to continually increase the amount of weight they were lifting, because of
this if the RT group were not enthusiastic about their training it would have affected
their progression. The fact that subjects enjoyed the RT program suggests that it may
be useful to incorporate into any exercise program as it will add variety and increase
compliance.

A novel aspect of this thesis is the normalisation of the total average external
work performed within the two different training programs. The results of the
retrospective calculation of total amount of external work performed showed that the
RT group on average performed 43.0 kJ of external work while the AT group
performed 41.5 kJ of external work. The difference between the two groups is 4%
showing that the two groups were performing a similar amount of external work. It
must be noted that this only refers to the external work performed and is not reflective
of internal and total work performed during the exercise training.
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CHAPTER 3
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CHAPTER 3. EFFECTS OF EXERCISE
TRAINING ON INSULIN ACTION
3.1 Introduction
As detailed in sections 1.6 and 1.7, exercise training and a single bout of
exercise have been shown to induce a significant improvement in insulin sensitivity.
However, there are many details about this effect that remain unknown. It is uncertain
as to whether exercise training has an effect on insulin sensitivity that lasts beyond the
effect of the last exercise bout. There is evidence to suggest that a single bout of
exercise can significantly increase insulin sensitivity for 48 hours after the last bout of
exercise [Mikines et al.,1988; Perseghin et al.,1996]. Likewise exercise training
studies have shown elevated insulin sensitivity 24 to 48 hours after the last exercise
bout [Soman et al.,1979; Dengel et al.,1996]. However, beyond this time period there
is a lot of conflicting evidence, some studies claim that the effect of exercise training
on insulin sensitivity lasts beyond 48 hours [Eriksson et al.,1998; Poehlman et
al.,2000] while others refute this [Segal & Edano,1991; Zachwieja et al.,1996].

This thesis will examine if insulin sensitivity is improved following a 10
week training program consisting of aerobic or resistance training, 72 hours after the
final bout of exercise. This time period was chosen as it minimises the acute effects of
the last exercise bout.

In addition to the timing of the exercise effect, it is uncertain as to what type
of exercise (resistance or aerobic) has the most beneficial effect on insulin resistance.
As detailed in section 1.8 there have been a handful of studies comparing the effect of
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aerobic and resistance training on insulin sensitivity, however, these studies have
failed to match the 2 training programs for total amount of exercise performed.
Therefore, it is difficult to compare the different types of training when one group is
performing more work than the other. This thesis will compare the effect of resistance
and aerobic exercise training on insulin sensitivity after normalising the two training
programs for total average work done.

Choosing a suitable method of measuring insulin sensitivity is essential.
Many studies investigating the effect of exercise on insulin sensitivity limit their
findings by inappropriate choice of methods. In this study a euglycemic
hyperinsulineamic glucose clamp technique was chosen.

As detailed in section

1.4.1.1 it is a direct measurement of insulin sensitivity and is considered the “gold
standard” measurement. Insulin resistance and insulin secretion was also measured
using the HOMA method. As detailed in section 1.4.2.1, the HOMA method gives us
an index of insulin sensitivity that relates to hepatic insulin sensitivity. Therefore
these two methods together allowed the investigation of the effect that exercise
training has on both peripheral and hepatic insulin sensitivity.

Indirect Calorimetry was used to measure the subjects respiratory exchange
ratio (RER) and resting metabolic rate (RMR). RER is the ratio of carbon dioxide
(CO2) produced to oxygen (O2) consumed. RER reflects the contribution of fat,
carbohydrate and protein oxidation to overall substrate utilisation. This was measured
as a significant shift in the type of substrate being oxidized may impact on glucose
regulation. RMR is the energy expenditure of an individual at physical and mental
rest, at least 12 hours after the previous meal. RMR is measured in kcal.24hours-1.
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Fasting blood samples were measured for glucose, insulin, cholesterol, HDLcholesterol and triglycerides. Glucose and insulin were measured as they gave us an
indication of glucose control, while the remaining measures describe an individual’s
blood lipid profile. As elevated blood lipids are central to the metabolic dysfunction
of the Metabolic Syndrome and as detailed in section 1.9.1.2 elevated plasma lipid
levels are thought to impede insulin action, it was important to observe how these
changed with the exercise intervention.

3.2 Focus of this chapter
This chapter will compare the effects of the aerobic and resistance exercise
training protocols on indirect calorimetry, fasting blood lipid profiles and insulin
sensitivity (both peripheral and hepatic) 72 hours after the last exercise bout.

3.3 Methods
3.3.1 Indirect Calorimetry

RER and RMR were determined by indirect calorimetry using the DeltatracTM
II open circuit portable metabolic monitor (DeltatracTM II, Datex Helsinki, Finland).
Subjects arrived at 7 am in a fasted state (fasted from 9pm the previous night), having
refrained from strenuous exercise for 48 hours. All subjects were familiarised with the
equipment to be used during the test. They then rested in a reclining position for 20
minutes in a quiet room free from distraction. During this time, the DeltatracTM II was
calibrated using a calibration gas cylinder of known concentration (O2 95.33%, CO2
4.67%) (Datex, Finland).
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At the commencement of the test, a Perspex hood (approximate volume 25L)
was placed over the subject’s head. The thin plastic apron surrounding the edge of the
hood was tucked around the neck, chest, and shoulders to establish a seal. Subjects
were instructed to remain still and breathe normally during the measurement. Each
subject was monitored for 30 minutes in a calm and relaxed environment, free of
distraction.

The DeltatracTM II provides a constant flow of air (40 L.min-1 for adults)
through the hood and into the monitor. All expired air from the subjects is collected
into this constant air-flow, which is then passed into a 4 litre mixing chamber. A
sample is drawn through a differential paramagnetic O2 sensor to measure the oxygen
difference between inspired and expired air, as well as an infra-red CO2 sensor to
measure CO2 concentration.

CO2 production, O2 consumption, RER and RMR were calculated and
recorded each minute for the duration of the trial (Appendix C contains an insert from
the DeltatracTM II manual outlining how BMR and RER are calculated. In this thesis it
is assumed that RMR is in fact measured not BMR). The values for the first 10
minutes of each trial were discarded. The average of the remaining values were
calculated and used as the recorded value for each variable.
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3.3.2 Fasting blood samples

On the morning of this testing session subjects arrived in a fasted state (fasting
from 9pm the night before), having refrained from strenuous exercise for 72 hours.
Subjects were immediately placed in a supine position with upper body and head
inclined, and left to rest for 20 minutes. Following this, a 21- gauge indwelling
cannula was inserted into the right antecubital vein in the retrograde direction. Plasma
(EDTA) samples were collected, centrifuged immediately at 3000 rpm at 4oC for 10
minutes, and the supernatant decanted and stored at –80oC until assayed. Serum
samples were allowed to clot at room temperature for 10 minutes before handling as
above. Following the collection of the fasting blood samples subjects remained in this
position for 15 minutes, upon which time they were prepared for the euglycemic
hyperinsulinaemic glucose clamp.

Blood samples were analysed for total cholesterol, high density lipoprotein
(HDL)-cholesterol, triglycerides, glucose, and insulin as detailed below.

3.3.2.1 Glucose
Blood glucose concentration was measured with an automated analyzer
(Cobas Mira Plus automated analyser, Roche) using the Cobas Mira Glucose HK kit
(Glucose GLUCO-QUANT, Roche Diagnostics). Briefly, hexokinase is added to the
sample in the presence of ATP. In a coupled reaction, the G-6-P so formed is
converted to gluconate-6-phosphate, and the concomitant formation of NADPH is
measured spectrophotometrically.
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3.3.2.2 Cholesterol

Total blood cholesterol concentration was also measured with an automated
analyzer using the Cobas Mira Unimate CHOL diagnostic reagent system
(Cholesterol CHOD-PAP, Roche Diagnostics;). Briefly the cholesterol is broken
down in a series of coupled reactions to (Ä)4-cholesten-3-one and hydrogen peroxide.
In the presence of peroxidase, the hydrogen peroxide formed effects the oxidative
coupling of 4-chlorophenol and 4-aminoantipyrine to form a red-coloured
quinoneimine derivative. The colour intensity is directly related to the cholesterol
concentration and is measured photometically.
3.3.2.3 HDL cholesterol

Prior to measuring HDL Cholesterol, plasma samples were treated to remove
low density lipoproteins (LDL), intermediate low density lipoproteins (ILDL), and
very low density lipoproteins (VLDL). 20 ìL of Dextran Sulphate (BDH; Australia)
and MgCL2 (BDH; Australia) ratio of 1:1 was added to 200 ìL of plasma. This was
then vortexed for 10 seconds and left to sit at room temperature for 15 minutes. The
solution was then spun in an ultracentrifuge (Beckman model L-80 OPTIMA, USA)
at 4900 rpm for 10 minutes. Supernatant was collected and HDL cholesterol
concentration measured with the automated analyser using the same method described
above for cholesterol.
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3.3.2.4 Triglycerides

Total blood triglyceride concentration was measured using the Cobas Mira
Unimate TRIG diagnostic reagent system (Unimate 5 Trig, Roche Diagnostics,
Australia). Briefly, the triglycerides are broken down in a series of coupled reactions
to dihydroxyacetone phosphate and hydrogen peroxide. In the presence of peroxidase,
the hydrogen peroxide formed effects the oxidative coupling of 4-chlorophenol and 4aminoantipyrine to form a red-coloured quinoneimine derivative. The colour intensity
is directly related to the triglyceride concentration and is measured photometically.

3.3.2.5 Insulin

Plasma

insulin

was

assayed

using

a

Human

Insulin

Specific

Radioimmunoassay Kit (Linco Research, INC; Missouri, USA) according to the
manufacturers instructions (See Appendix D for a copy of kit instructions). All
samples were analysed in duplicate. Plasma insulin levels are represented in raw
values and ln-transformed plasma insulin levels. The reason why the insulin values
were ln-transformed is that in large data sets insulin values have been shown to be not
normally distributed, however this can be corrected by ln-transformation [Jenkins et
al.,2000].
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3.3.3 Euglycemic Hyperinsulinemic Glucose Clamp

3.3.3.1 Description of the Euglycemic Hyperinsulinaemic Glucose Clamp

The euglycemic hyperinsulinaemic glucose clamp, which is discussed in detail
in section 1.4.1.1, is a reproducible method that accurately assesses tissue sensitivity
to exogenous insulin and is thought to be the “gold standard” against which other
techniques are compared [Bergman et al.,1987].

3.3.3.2 Euglycemic Hyperinsulinaemic Glucose Clamp procedure

Following the resting blood sampling, subjects were prepared for the clamp. A
21-gauge indwelling cannula was inserted into the anticubital vein in the subject’s left
arm for infusion of glucose and insulin. The cannula in the subject’s right arm
(inserted earlier to take fasting blood samples) was used to sample blood throughout
the clamp. To maintain patency the cannula was flushed with isotonic saline each time
blood was sampled. Consequently the first 2 mL of blood was discarded from each
sample. Using a heating blanket the right hand was heated to approximately 50oC to
provide arterialised venous blood for sampling [Bergman et al.,1987].

Insulin (Actrapid neutral insulin injection 100 IU.mL-1, Novo Nordisk
Pharmaceuticals Pty Ltd Australia) and glucose (10% Dextrose; Baxter-Travenol,
Australia) were infused using an IVAC 591 volumetric pump (IVAC Corporation,
USA) connected to the subject’s left arm cannula via a 2-way stop cock. 54 IU of the
insulin was mixed in 500 mL of Haemaccel (Hoechst Marion Roussel, Australia).
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Haemaccel served as a carrier substance. This was needed as insulin is a sticky
molecule and can stick to glass and plastic. A 10% dextrose solution, which is
isotonic, was used rather than a 5% solution in order to reduce the amount of fluid
infused into the subjects.

The insulin infusion was used to raise the plasma insulin concentration to
approximately 80ìU.ml-1 above basal and sustain it for the duration of the clamp.
Insulin infusion began with a 10 minute priming infusion (Table 3.1) followed by a
constant infusion of 40 mU.m surface area-2. min-1 for the remainder of the clamp
[DeFronzo et al.,1979]. Surface area was calculated by a nomogram using height and
weight [DuBois,1924].

Table 3.1. Insulin Infusion Rate
Duration (mins)

Insulin infusion rate,
(mU.m surface area-2.min-1)

0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-120

127.6
113.6
101.2
90.2
80.2
71.4
63.6
56.8
50.4
45.0
40.0

Blood glucose levels were held constant at basal levels by the variable
infusion of 10% dextrose. Dextrose infusion began 4 minutes after the
commencement of the insulin infusion and was varied throughout the clamp to
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maintain a glucose level of 4.5 mmol.L-1. (See section 3.3.3.3 for glucose infusion rate
calculations). During the first 60 minutes of the clamp, blood was sampled (1.5 mL) at
5 minute intervals. The glucose levels of these samples were determined using a YSI
2300 STAT plus glucose analyser (Yellow Springs Instruments, Yellow Springs, Ohio
USA). From 60 to 120 minutes during the clamp, blood was collected in 2.7mL
EDTA tubes every 5 minutes. These samples were analysed for glucose level
immediately after they were collected. An aliquot was also stored at –20oC for future
glucose analysis to ensure that the glucose levels obtained from the glucose analyser
were accurate and that these levels were constant during the test. In addition, the
insulin concentration of blood sampled at 100 and 120 minutes was measured for
insulin levels to ensure that the subjects were hyperinsulinaemic during the clamp.

Following the clamp, urine samples were collected and analysed to ensure that
the subjects did not excrete any glucose in their urine. Glucose levels in the urine
were measured using Keto-Diabur-Test 5000 glucose strips (Boehringer Mannheim,
Denmark). This method is semi-quantitative with the glucose strips indicating when
the glucose levels in the urine reach 2.2 mmol.L-1.

3.3.3.3 Calculation of glucose infusion rate

Glucose infusion rates were calculated using the algorithm of DeFronzo
(1979) [DeFronzo et al., 1979] as follows:
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R i = [46.8 x (L-Gi) x CF] + [70.2 x (Gi-1 – Gi) x CF] + [Ri-2 + R i-1]/2

Where:
R i = new glucose infusion rate
R i-1 = glucose infusion rate 5 minutes prior
R i-2 = glucose infusion rate 10 minutes prior
L

= target blood glucose level (4.5 mmol.L-1)

G i = current blood glucose level
Gi-1 = previous blood glucose level
CF = calibration factor (weight in kg/70)

This algorithm is broken into 3 sections, each having a different role in
reaching the target blood glucose level. The first section, [46.8 x (L-G i) x CF], is
included in the algorithm to guide the blood glucose towards the target level. The
second section, [70.2 x (G i-1 – G i) x CF], takes into account the rate of change of
blood glucose. The last section of the algorithm, [Ri-2 + R

i-1]/2,

uses the previous

glucose infusion rates to reduce the oscillatory behaviour of the blood glucose levels.

Glucose infusion began 4 minutes after the insulin infusion. The initial glucose
infusion was set at 2.0 mg.kg-1.min-1. At 10 mins, this rate was increased to 2.5 mg.kg1

.min-1. In order to calculate the glucose infusion rate at 15 mins, a variation of the

DeFronzo algorithm was used. This variation was:
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R i = [46.8 x (L-G i) x CF] + [70.2 x (G i-1 – G i) x CF] + [Y+Z]/2
Where:
Y = infusion rate of 4mg.kg-1.min-1
Z = (R i = [46.8 x (L-G i) x CF] + [70.2 x (G i-1 – G i) x CF] + [Y])

For the 20 minute and subsequent samples, the standard algorithm was used.

3.3.3.4 Calculation of Insulin Sensitivity

The total amount of glucose metabolised during the clamp is a sum of the
glucose that is infused and the endogenously produced glucose. It has been estimated
that during the clamp at the insulin level used in this study, hepatic glucose production
is inhibited by 95-100%. Thus, any treatment-induced effects on the glucose infusion
rate suggests an effect on peripheral glucose uptake, rather than hepatic glucose
production [Yki-Jarvinen & Koivisto,1983]. Thus residual hepatic glucose production
was not taken into account when calculating the amount of glucose metabolised
[Schwek et al.,1990].

Once the blood glucose concentration had been clamped at 4.5 mmol.L-1 for
the final 60 minutes of the procedure, an euglycemic steady-state condition was taken
to have been achieved. At this point, glucose infusion rate closely approximates
glucose uptake rate and thus gives a measure of whole body insulin sensitivity
[DeFronzo et al.,1979], [Borkman et al.,1991], [Borkman et al.,1993]. To quantify
whole body insulin sensitivity, the total grams of glucose infused during the last 60
minutes of the clamp was calculated from the total number of millilitres of 10%
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dextrose infused over the same time period. This value was then expressed in mg.kg1

.min-1.

3.3.4 Homeostasis Model Assessment (HOMA) indices of Insulin Resistance and
Insulin Secretion

Fasting plasma glucose and fasting plasma insulin levels obtained were used to
calculate HOMA indices of insulin resistance (HOMA-R) and insulin secretion
(HOMA-B) according to the equations outlined in section 1.4.2.1. The results for
HOMA are presented in units implicit in the formula used for calculation. In this
thesis they are:

HOMA-R
HOMA-B

units = ìU.ml-1 x mmol.L-1

units = ìU.ml-1 / mmol.L-1

Jenkins and colleagues [Jenkins et al.,2000] have shown that the distribution
of each of these variables is not normal, however this can be corrected by lntransformation. Therefore the values for both HOMA-R and HOMA-B have been lntransformed and do not carry any units.

3.3.5 Statistical Methods

Results are expressed as mean ± SEM. Statistical analysis was conducted
using JMP statistical package version 3.2.2 (SAS Institute Inc. Cary, NC). A 2-way
repeated measures ANOVA with training group as a main effect was used to
determine the effect that the training intervention had on both groups. Single
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correlations were performed to determine any relationships between (i) baseline
values; (ii) the degree of change in the variables measured; (iii) between baseline
measures and the degree of change of variables. When a significant group by
intervention effect was seen in the 2-way ANOVA, paired t-tests were used to isolate
within group significant effects. In addition to the ANOVA, analysis was repeated as
ANCOVA’s with predicted variables (BMI, age, fat mass, lean mass, VO2peak, and CS
activity) as covariates. As no significant effects of the covariates were detected in any
analysis and as the subject numbers were barely adequate for this type of analysis they
were not reported in the thesis.

3.4 Results

3.4.1 Indirect Calorimetry

Table 3.2 shows the results from indirect calorimetry. The 2-way repeated
measures AVOVA for RER showed that there was no group or intervention effect and
no group and intervention interaction, which implies that RER did not vary
significantly over the study period for either group. RMR did not show a group effect
and no group by intervention interaction, however there was a significant intervention
effect. This shows that the RMR of both groups did change significantly over the
training period but this change was not different between the two groups. However
looking at Figure 3.1 it appears that the majority of this effect occurred in the RT
group, this is reflected in the 2% increase in the RT group and the 0.2% drop in the
AT group (Figure 3.1).
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Table 3.2. Effect of Exercise Training on RER and RMR
Aerobic Group

RER
RMR
(kcal.24

Resistance Group

2-way ANOVA

Pre

Post

Pre

Post

G

I

GXI

0.83 ± 0.01

0.82 ± 0.01

0.84 ± 0.01

0.83 ± 0.01

NS

NS

NS

1920 ± 60

1916 ± 60

1908 ± 93

1942 ± 88

NS

< 0.05

NS

hours-1)
Note: Values are Mean ± SEM. Abbreviations: RER = Respiratory Exchange Ratio; RMR = Resting
Metabolic Rate; Pre = before the training program; Post = following the training program; G = Group
effect; I = Intervention effect; G X I = Group by Intervention Interaction; NS = not significant; < 0.05 =
significant effect.
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T im e P e r io d

Figure 3.1: Change in Resting Metabolic Rate for both groups over the training period. Points are
mean values and their standard errors represented by vertical lines.
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3.4.2 Fasting Blood Samples
Table 3.3 shows the fasting blood sample results. All subjects’ glucose levels
were within the normal fasting range of 3.0 – 5.4 mmol.L-1 (McPherson, The Royal
College of Pathologists of Australasia, 1997). Total cholesterol values for both groups
were well within the normal range of <5.5 mmol.L-1. HDL cholesterol values for both
groups were within the normal range of 0.9 - 2.0 mmol.L-1, however they are at the
lower end of the scale. Triglyceride values for both groups were well within the
normal range of < 2.0 mmol.L-1. Fasting insulin levels represented in Table 3.3 are in
two forms the raw values (ìU.ml-1) and those that have been ln-transformed (these do
not carry any units).
Table 3.3. Fasting Blood Values
Aerobic Group

Resistance Group

2-Way ANOVA

Pre

Post

Pre

Post

G

I

GxI

5.2 ± 0.2

5.1 ± 0.2

5.4 ± 0.1

5.4 ± 0.1

NS

NS

NS

4.2 ± 0.2

4.2 ± 0.2

4.6 ± 0.2

4.5 ± 0.2

NS

NS

NS

1.8 ± 0.4

1.8 ± 0.3

1.8 ± 0.5

1.7 ± 0.3

NS

NS

NS

1.01 ± 0.06

0.97 ± 0.05

0.95 ± 0.05

1.02 ± 0.07

NS

NS

< 0.05

2.80 ± 0.11

2.58 ± 0.13

2.67 ± 0.14

2.59 ± 0.17

NS

< 0.05

NS

17.23 ± 1.82

14.20 ± 1.78

15.81 ± 1.92

15.6 ± 2.91

NS

NS

NS

Glucose
(mmol.L-1)
Total
Cholesterol
(mmol.L-1)
Triglyceride
(mmol.L-1)
HDLCholesterol
(mmol.L-1)

Insulin
(ln-transformed)

Insulin
(ìU.ml-1)

Values are Mean ± SEM. Abbreviations: Pre = Before the training program; Post = After the training
program; G = Group effect; I = Intervention effect; G X I = Group by Intervention Interaction; NS =
not significant; < 0.05 = significant effect.
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A 2-way repeated measures AVOVA for glucose, total cholesterol and
triglycerides showed that there were no significant group or intervention effects or
group by intervention interaction. This result indicates that these values did not
change significantly over the training period. Figure 3.2 is a graph of the fasting
glucose levels vs time clearly showing no effect of the intervention. HDL-cholesterol
did not show a significant group or intervention effect indicating that the values did
not change significantly in either group. However it did show a group by intervention
interaction, indicating that the 2 groups responded differently to the intervention.
Looking at figure 3.3 it appears that this is due to the 4% drop in the AT group and
the 7% increase in RT (Figure 3.3). Fasting insulin values (ln transformed) did not
show a group effect and no group by intervention interaction, however there was a
significant intervention effect. This shows that the insulin levels of both groups did
change significantly over the training period but this change was not different
between the two groups. However, looking at figure 3.4 it is obvious that the
reduction in the AT group was much greater than the RT group. Therefore it is likely
that the bulk of the intervention effect is due to the AT group. With more subjects it
may have been possible to detect a significant group by intervention interaction.
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Figure 3.2: Change in fasting glucose levels for both groups over the training period.
Points are mean values with their standard errors represented by vertical lines.
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Figure 3.3 Change in fasting HDL-Cholesterol for both groups over the training
period. Points are mean values with their standard errors represented by vertical lines.
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Figure 3.4 Change in fasting Insulin values (ln transformed) for both groups over the
training period. Points are mean values with their standard errors represented by
vertical lines.

3.4.3 Euglycemic Hyperinsulinaemic Glucose Clamp

Blood samples were taken every 5 minutes during the clamp to monitor
glucose levels. Results showed that glucose levels during the clamp remained stable
and close to the target value of 4.5 mmol. L-1, in both training groups during the pre
and post clamps (Table 3.4).

To confirm that the target level of hyperinsulineamia (80–100 ìU.ml-1) was
achieved equally across groups and conditions, blood samples were taken at 100 and
120 minutes during the clamp and analysed for insulin concentration. The results
showed that this was achieved for both groups in the pre and post clamp (Table 3.4).
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Table 3.4 reports the glucose infusion rate (M) during the glucose clamp for
both groups. The 2-way repeated measures AVOVA showed that there was no
significant group or intervention effect or a group by intervention interaction. Looking
at figure 3.5 there appears to be a small increase in M for the AT group and a small
decrease in the RT group. However this was not large enough to see any significant
effects. With more subjects an effect may have been detected. Calculation of a 95%
confidence interval showed that an improvement of approximately 26% or a decrease
of 9% cannot be excluded. Therefore it is possible that the participants had an
improvement in peripheral insulin sensitivity and the power was not sufficient to
detect it.

To ensure that none of the glucose infused during the clamp was excreted
through urine, subjects passed a urine sample following the clamp which was
analysed for the presence of glucose. Results showed that none of the subjects had any
detectable glucose present in their urine following the clamp.
Table 3.4. Blood parameters and Glucose Infusion Rate during the Euglycemic
Hyperinsulinemic Glucose Clamp
Aerobic
Resistance Group
2-Way ANOVA
Group

Blood Glucose
during clamp
(mmol.L-1)
Insulin during
clamp
(ìU.ml-1)
M
(mg.kg-1.min-1)

Pre

Post

Pre

Post

G

I

GxI

4.4 ± 0.03

4.3 ± 0.02

4.3 ± 0.06

4.3 ± 0.04

NS

NS

NS

85.1 ± 5.7

83.1 ± 5.9

85.7 ± 4.2

82.3 ± 4.1

NS

NS

NS

4.3 ± 0.3

4.8 ± 0.7

4.4 ± 0.9

4.2 ± 0.8

NS

NS

NS

Values are Mean ± SEM. Abbreviations: Pre = Before the training program; Post =
After the training program; G = Group effect; I = Intervention effect; G X I = Group
by Intervention Interaction; NS = not significant.
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Figure 3.5 Glucose Infusion Rate during a euglycemic clamp for both groups pre and post
intervention. Points are mean values with their standard errors represented by vertical lines.

3.4.4 Homeostasis Model Assessment (HOMA)

Table 3.5 contains the pre- and post-exercise values for both the HOMA-B and
HOMA-R index. The 2-way repeated measures ANOVA failed to show a significant
group or intervention effect, or a group and intervention interaction, for HOMA-B.
HOMA-R values showed no group or group by intervention effect, however there was
a significant intervention effect indicating that the intervention did have a significant
effect on HOMA-R values for both groups. Even though the two groups did not
respond differently to the intervention, looking at figure 3.6 the reduction in the AT
group appears to be greater than the RT group. Therefore it is possible that the
majority of the intervention effect is due to the AT group. With more subjects it may
have been possible to have seen a significant group by intervention interaction.
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Table 3.5. Homeostasis Model Assessment of Insulin Resistance and Insulin
Secretion
Aerobic Group
Resistance Group
2-Way ANOVA

HOMA-B
HOMA-R

Pre

Post

Pre

Post

G

I

GxI

2.3 ± 0.1

2.2 ± 0.2

2.0 ± 0.1

2.0 ± 0.2

NS

NS

NS

1.3 ± 0.1

1.1 ± 0.1

1.3 ± 0.2

1.2 ± 0.2

NS

< 0.05

NS

Values are Mean ± SEM. Abbreviations: Pre = Before the training program; Post =
After the training program; G = Group effect; I = Intervention effect; G X I = Group
by Intervention Interaction; NS = not significant.

1.5

Resistance group
Aerobic group

HOMA-R

1.4
1.3
1.2
1.1
1.0
0.9
PrePost Intervention
Intervention
Time Period
Figure 3.6 Change in HOMA-R values for both groups over the training period. Points are mean values
with their standard errors represented by vertical lines.
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3.4.5 Baseline Correlations between measures of insulin action and body
composition

Table 3.6 shows the baseline correlations for measures of insulin resistance
and measures of body fatness. The results show that HOMA-R and M are
significantly correlated with a number of body fat measures. While fasting insulin
levels were only correlated with body fat % and trunk fat.

Table 3.6. Baseline correlations for measurements of Insulin Action and
measurements of Body Fatness
M
Fasting Insulin
HOMA-R
(mg.kg-1.min-1)
r = -0.63 (P<0.05)
r = -0.51 (P<0.05)
r = -0.55 (P<0.05)
BF%
Fat Mass (kg)

r = -0.57 (P<0.05)

r = -0.42 (NS)

r = -0.46 (P<0.05)

Waist Girth
(cm)
Abdominal Fat
(kg)
Trunk Fat (kg)

r = -0.59 (P<0.05)

r = -0.33 (NS)

r = -0.11 (NS)

r = -0.63 (P<0.05)

r = -0.44 (P=0.06)

r = -0.50 (P<0.05)

r = -0.61 (P<0.05)

r = -0.48 (P<0.05)

r = -0.54 (P<0.05)

Weight (kg)

r = -0.52 (P<0.05)

r = -0.38 (NS)

r = -0.43 (P=0.06)

r = Correlation coefficient; NS = Non Significant; P < 0.05 = significant relationship.

3.5 Discussion
The lack of change in the subject’s RER values indicates that the
exercise training did not alter the type of macronutrients being used for energy in the
resting state. The 2-way ANOVA showed a significant change in RMR over the
course of the study. It appears that the majority of this effect was due to the increase
in the RMR of the RT group.

137

At baseline subject’s fasting total cholesterol, HDL cholesterol and
triglyceride levels were well within the normal range. Total cholesterol and
triglyceride levels did not change over the training period. The lack of changes in
these blood lipid measures may have been due to the fact that the subject’s levels were
within the normal range and therefore it may have been difficult to induce a
significant change.

Studies comparing resistance and aerobic training in a population that is
slightly older than the one used in this thesis, with a similar training program differing
only in training duration, have also reported no change in fasting triglyceride and
cholesterol levels [Smutok et al.,1993; Eriksson et al.,1998]. A lack of change in these
variables with exercise has also been seen in both RT and AT studies [Lampman et
al.,1987; Hurley et al.,1988].

Fasting HDL-cholesterol showed a significant group and intervention
interaction but no group or intervention effect. This suggests that the intervention did
not result in a significant changes in the average of the two groups pre to post,
however it does show that the intervention lead to different changes in the two groups
with the RT group exhibiting a 7% increase, while the AT group had a 4% decrease.

A meta-analysis examining the effectiveness of exercise training (aerobic and
resistance) in modifying blood lipids concluded that AT leads to significant increases
in HDL levels, while the effect of RT on HDL levels was determined as inconclusive
[Halbert et al. 1999]. This differs from the results seen in this study.
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The reason for the decrease in the HDL levels of the AT group in this thesis is
not readily apparent. One possibility is an insufficient exercise dose, however the
above mentioned meta-analysis showed no relationship between the intensity or the
frequency of AT and its impact on blood lipid profile. In addition the AT program
used in this thesis followed the American College of Sports Medicine guidelines
(1990) to improve blood lipid profile. The guidelines recommend aerobic exercise at
50-85% of VO2 max with a minimum of 3 sessions per week. Also the type of program
used in this thesis was similar to the majority of studies examined in the meta-analysis
[Halbert et al. 1999]. However the lack of change in HDL levels may be due to the
longevity of the training program. Two studies that used a similar population and
training program to those used in this thesis showed that after 9 weeks of AT there
was no significant change in HDL levels [Lampman et al.1985; Lampman et al.
1987). However two other studies using a similar population and training program to
those used in this thesis showed a significant increase in HDL levels following 14
weeks of AT [Houmard et al. 1994; Wallace et al. 1997]. Therefore a training time
threshold may exist in order to see significant changes in HDL levels with AT.

The meta-analysis which showed inconclusive results on the effect of RT on
HDL levels only reviewed 4 articles none of which investigated the population
examined in this thesis. Looking at past RT training studies which examined a similar
population and used a similar training protocol to that used in this thesis we also find
conflicting results. Some studies have shown no effect of RT [Smutok et al.1993;
Eriksson et al. 1997b; Banz et al. 2003] while others have shown a significant
increase [Hurley et al. 1988]. More studies need to be performed to determine the
impact of RT on HDL levels in sedentary males. In addition the underlying
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mechanisms explaining the different effects of AT and RT on HDL levels are
unknown and require further investigation.

Fasting glucose levels were within the normal range and did not
change in either group over the training period. These findings are supported in the
literature. A number of training studies comparing RT and AT also failed to show any
significant change in fasting glucose levels 24 and 120 hours after the last exercise
bout of an exercise training program [Smutok et al.,1993; Smutok et al.,1994;
Eriksson et al.,1998]. Also there are a number of RT studies which report a lack of
change in fasting glucose levels following RT. These findings have been seen in
studies with varying populations and at different time periods after the last exercise
bout (24 to 168 hours)[Hurley et al.,1988; Craig et al.,1989; Miller et al.,1994; Ryan
et al.,1996; Zachwieja et al.,1996; Joseph et al.,1999]. Similar findings have been seen
in AT studies with studies looking at varying populations and timing of post exercise
testing (24 to 120 hours after the last exercise bout) showing no effect of training on
fasting glucose levels [Lampman et al.,1985; Lampman et al.,1987; Kahn et al.,1990;
Segal & Edano,1991; Dengel et al.,1996]. The only study that did show a significant
reduction in fasting glucose levels following AT reported the change in an elderly
population who had been training for 9 months and the result was seen within 16
hours of the last exercise bout. These factors may have been the driving force behind
this positive result, with an elderly population possibly being more prone to a
beneficial effect and also the fact that the test was conducted so close to the last
exercise bout.

The only blood parameter that did show a significant intervention effect was
fasting insulin. Both groups showed a reduction in fasting insulin with the AT group
140

appearing to show the greater change. Interestingly two comparison studies using a
similar training protocol to the one used in this thesis showed a significant decrease in
fasting insulin levels in the RT group but not the AT group 24 hours after the last
exercise bout [Smutok et al.,1993; Smutok et al.,1994] In support of this, there are a
number of AT studies using similar subjects and protocols to this one which show that
AT does not significantly alter fasting insulin levels [Lampman et al.,1985; Lampman
et al.,1987; Segal & Edano,1991; Dengel et al.,1996; Pratley et al.,2000]. In contrast
to the above studies and in support of our finding, there are AT studies that show a
significant reduction in fasting insulin levels following training. However these
studies used a sedentary elderly population and therefore may be more likely to show
a significant change [Kahn et al.,1990; Kirwan et al.,1993]. Past studies show that
there is a lot of conjecture about the effect of resistance training on fasting insulin
levels. A number of studies show that there was no effect of resistance training on
fasting insulin levels [Hurley et al.,1988; Ryan et al.,1996; Zachwieja et al.,1996;
Joseph et al.,1999; Pratley et al.,2000], while others show that RT significantly
reduces fasting insulin levels [Craig et al.,1989; Miller et al.,1994].

The effect of both RT and AT exercise on fasting insulin levels is not clear due
to conflicting results, possibly due to the inconsistencies of the literature as studies
vary in the populations used, nature of the exercise training (mode, duration and
intensity) and the timing of measurement after the last exercise bout. The findings
from this thesis suggest that AT and RT has a significant effect on fasting insulin
levels in the population examined with both groups reporting a reduction 72 hours
after the last exercise bout.
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There are very few training studies that have looked at the effects of exercise
training on insulin sensitivity 72 hours after the last exercise bout. Of these even
fewer have used a glucose clamp to assess insulin sensitivity, or have tested the
population examined in this thesis.

The present findings which show that AT did not alter peripheral insulin
sensitivity 72 hours after the last exercise bout goes against the findings of previous
studies [Bogardus et al.,1984; DeFronzo et al.,1987; Hughes et al.,1995; Poehlman et
al.,2000] who reported improvements in insulin sensitivity over this time period in
both untrained obese women and untrained obese sedentary individuals with impaired
glucose tolerance.

However it must be considered that 2 of these studies were

accompanied by a diet intervention [Bogardus et al.,1984; Hughes et al.,1995].

The lack of a significant effect of RT on peripheral insulin sensitivity seen in
this thesis is supported by previous studies that do not show a significant effect of RT
on insulin sensitivity 72 hours after the last exercise bout [Poehlman et al.,2000].
However, Eriksson and co-workers [Eriksson et al.,1998] reported a significant
increase in insulin sensitivity 120 hours after the last bout of resistance training, using
a population and training program that is similar to the one used in this thesis. The
reasons for the discrepancy between the results of these studies which are very similar
in their protocol are not readily apparent.

There are a number of possible reasons why we did not see a significant
change in peripheral insulin sensitivity. One could be that the clamp procedure was
not conducted properly. This does not appear to be the case as the subject’s glucose
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levels during the clamp were not significantly different from the target value of 4.5
mmol/L, also subjects were in a hyperinsulinaemic state during the clamp, and
glucose was not present in the subject’s urine. Another possible reason is that the
exercise stimulus was not enough to cause a change in insulin sensitivity, however
past research refutes this. Also we cannot rule out the possibility that the small sample
size used in this study prevented us from seeing a significant effect. Finally it is
possible that the effect of exercise on insulin sensitivity simply wears off 72 hours
after the last bout of exercise and the present results reflect the true state of affairs.

A significant effect of the exercise intervention was seen on the HOMA-R
values, with both groups showing a reduction. This suggests that the exercise training
protocols lead to an improvement in hepatic insulin sensitivity. Even though a
significant group by intervention interaction was not found, closer analysis of figure
3.6 indicates that the change in the AT group was greater than the RT group. These
results lend support to the notion but by no means prove that there was a separate
effect of training type on one measure of insulin resistance.

The result from the HOMA-R analysis is a novel finding as hepatic insulin
sensitivity is rarely measured. Therefore, this finding may have been overlooked in
past studies. The potential benefits of improved hepatic insulin sensitivity are many,
particularly as fasting hyperglycemia is usually predominantly due to increased
hepatic glucose output [DeFronzo,1987; DeFronzo et al.,1992].

Looking at the results for the baseline correlations we can see that
fasting insulin levels were significantly correlated with body fat % and trunk fat but

143

not with the other measures of body fatness. In comparison, looking at the measures
of insulin sensitivity (M and HOMA-R) that allow for differences in glucose levels
there was a much stronger relationship between these measures and body fatness. This
result validates our measures of insulin sensitivity (M and HOMA-R) as past research
has shown that insulin sensitivity is significantly correlated with levels of body fat
[Hickey et al.,1995].

In the present study, neither 10 weeks of RT or AT resulted in significant,
measurable changes in peripheral insulin sensitivity, 72 hours following the last
exercise bout, in a group of untrained males. Two pieces of information (significant
intervention effects with fasting insulin levels and HOMA-R) indicate that there were
significant changes in insulin action in response to the exercise intervention. As the
exercise training is having an effect on insulin levels, it suggests that something is
happening to the glucose regulation as a result of the intervention. The reduction in
insulin levels could be the result of any of the following: a reduction in insulin
secretion; a reduction in insulin resistance; a change in the subject’s glucose level; or
a change in insulin clearance. As the glucose levels of the subjects did not change the
reduction in insulin is the results of either a reduction of insulin secretion, insulin
resistance or insulin clearance. As HOMA-B did not change but HOMA-R did, either
a change in insulin resistance or insulin clearance is likely. Even though both AT and
RT did not increase peripheral insulin sensitivity they do appear to have a lasting
effect on hepatic insulin sensitivity.
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CHAPTER 4
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CHAPTER 4. POSSIBLE EXERCISE RELATED
MECHANISMS ASSOCIATED WITH
CHANGES IN INSULIN SENSITIVITY
4.1 Introduction
As detailed in Chapter 1, exercise training changes metabolism in many ways
that will potentially impact on insulin action. The possible mechanisms examined in
this thesis were changes in body composition, skeletal muscle triglyceride
composition, skeletal muscle membrane phospholipid composition and oxidative
capacity of skeletal muscle. The reasons for choosing these specific mechanisms are
outlined in section 1.9.

4.2 Focus of this chapter
In this chapter the effect of exercise on the variables noted above will be
reported. Also the relationship between these variables and insulin action will be
examined.

4.3 Methods
4.3.1 Muscle Biopsy

A muscle biopsy was performed on the vastus lateralis [Luginbuhl et al.,1984]
muscle using a 6 mm Bergstrom needle (Depuy, Phoenix, AZ, USA). The timing of
this procedure is outlined in Figure 2.1. The VL muscle was chosen as the majority of
past research has analysed this muscle, and it is one of the easiest and safest muscles
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to biopsy, also it is a muscle that is worked by both training protocols. The muscle
biopsy technique was carried out under sterile conditions while the subject was in a
supine position. The technique caused minimal pain and discomfort to the subjects.
The skin covering the VL muscle was anaesthetised using Xylocaine 2% Lignocaine
Hydrochloride injection (100 mg in 5 mL) (Astra Pharmaceuticals Pty. Ltd., Ryde,
N.S.W, Australia). After allowing 10 mins for the anaesthetic to take effect, a small
incision was made in the subject’s thigh using a scalpel blade. Through this incision
the Bergstrom needle was inserted and a muscle sample was taken. Approximately
120-150 mg of muscle was obtained during sampling. The excised muscle sample was
immediately removed from the needle barrel using forceps and freeze-clamped using
aluminium tongs precooled in liquid nitrogen. This sample was then wrapped in foil
and stored at –80oC. Following the biopsy, pressure was manually applied to the
incision for 10-15 minutes to minimise bleeding, then the incision was closed using
steri-strips and wrapped with a gauze bandage.

4.3.2 Enzymatic Analysis of Citrate Synthase Activity

Muscle samples were analysed for Citrate Synthase (CS) activity. CS is an
intramitochondrial enzyme which catalyses the condensation of acetyl CoA with
oxaloacetate to form citrate (figure 4.1). The rate of CoA release from acetyl CoA
during this condensation was followed by measuring the rate of reaction of acetylCoA (acetyl coenzyme A) (Sigma) with 5,5'-dithiobis(2-nitro-benzoic acid) (DTNB;
C14H8N2O8S2) (Boehringer Mannheim) spectrophotometrically at 412nm. The
spectrophotometer used was an UV-Visible Spectrophotometer model UV-1601
(Shimadzu Corporation).
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CS
Acetyl-CoA + oxaloacetate

Citrate + CoA-SH

CoA-SH + DTNBpale yellow

CoA + DTNBdark yellow

Figure 4.1: CS Catalysed Condensation of Acetyl Co-A to Citrate

Samples of vastus lateralis muscle (5mg) were homogenised (1:100 w-v)
using an electronic homogeniser in ice cold homogenisation medium (2mM EDTA,
160mM KCL; pH 7.4). The homogenate was frozen in liquid nitrogen and then
thawed in warm water (40oC), this process was repeated 3 times. Homogenate (50 uL)
was added to the 1 ml of reaction cocktail (100 mM Tris buffer, 1 mM DTNB, 3 mM
acetyl-CoA; 10 mM oxaloacetic acid; pH 8.3) and mixed by gentle pipetting. Change
in absorbance at 412nm was recorded every 15 seconds for 4 minutes.

Changes in absorbance at 412 nm over time was plotted to ensure that the
relationship was linear. Samples with a non-linear plot were repeated until they
showed a linear plot. Change in absorbance was calculated between 1 and 4 minutes.
CS activity was calculated using the following formula.

Abs x 21 x 100

=

X umol.min.g-1

13.6

abs

= Average change in absorbance per minute

1:100 = Dilution of muscle homogenate
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1:21

= Dilution of muscle in reaction cocktail

13600 = Molecular absorption coefficient of DTNB at 412nm

4.3.2.1 Re-producibility of the CS assay

A series of samples were repeated so to determine the within-sample error.
This was determined using the formula:

Absolute Value {(X1 – X2) / (X1 + X2)}

Where:

X1 = initial sample value
X2 = repeated sample value

The average of all the error values provides an approximation of the
coefficient of variation (CV) which shows the within-sample error for the assay.

4.3.3 Phospholipid and Triglyceride Fatty Acid analysis

During the extraction and measurement of FA, all solvents were glass-distilled
and contained 0.005-0.01% Butylated hydroxytoluene (BHT) as an antioxidant.

The analysis was divided into 4 steps:

(i)

Lipid extraction

(ii)

Separation of phospholipids and triglycerides
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(iii)

Methylation of phospholipid and triglyceride fatty acids

(iv)

Measurement of relative concentration using gas chromatograph

4.3.3.1 Lipid extraction

Lipid extraction was performed following the method of Folch et al. [Folch et
al.,1957]. 100mg of skeletal muscle was homogenised in 6 ml of
chloroform:methanol (2:1) containing 0.01% BHT. Samples were then mixed in a
tube rotator overnight at 4oC. Separation of phases was achieved by the addition of
2ml of 1M H2SO4. The tube was shaken vigorously for 30 seconds then centrifuged
for 10 minutes at 1000 rpm. The upper aqueous phase was discarded, while the
procedure was repeated for the lower organic phase. The organic phase was dried with
a small amount of anhydrous Na2S2O4 and filtered through glass wool.

4.3.3.2 Phospholipid and Triglyceride Separation

The extracted lipids were dried under a stream of N2 gas, redissolved in 5 ml
of hexane and passed through a silica Sep-Pak column (Waters, Australia). Tubes
were rinsed with 5 ml of hexane and passed through the columns. As triglycerides are
less polar molecules, they were eluted first with 3 x 10 ml washes of ethyl acetate.
Phospholipids were eluted using 3 x 10 ml washes of methanol.
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4.3.3.3 Methylation of Phospholipid and Triglyceride Fatty Acids

Tubes containing the triglycerides and phospholipids were evaporated to
dryness under N2. Boron Trifluoride (14%) in Methanol (1ml) was immediately added
to the tubes before heating for 1 hour at 85oC. Following this the tubes were quickly
cooled by adding 3 ml of cold distilled H2O. The methylated fatty acids were
extracted into 4 x 2 ml of hexane (ie 2 ml of hexane was added to tube, vortexed for 4
minutes, incubated for 1 minute for phase separation to occur, then the hexane (top)
phase collected – this was repeated a further 3 times to ensure that all the lipid was
extracted from the sample). The hexane was dried using a small amount of anhydrous
Na2S2O4 and filtered through glass wool. Methylated fatty acids were purified using
Florosil Sep-pak columns (Waters Australia). Purified fatty acids were eluted using
7ml of 5% diethyl ether in light petroleum spirit. Samples were concentrated under N2
gas to approximately 1 ml and transferred to autosampler vials. Samples were stored
at –20oC until analysed.

4.3.3.4 Measurement of relative concentration using Gas Chromatograph

The relative concentration of fatty acids was analysed by flame-ionization
capillary gas chromatography (model GC-17A, Shimadzu). The relative concentration
of fatty acids was expressed as a percentage of the total fatty acids identified.
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4.3.4 Body Composition
4.3.4.1 Anthropometry

Subject’s mass (light clothing, no shoes) was determined using high resolution
platform scales (Model No. fw-150k, A&D electronic balance, CA, U.S.A.) calibrated
against known mass standards, accurate to 0.1 kg. Height was measured using a wall
mounted stadiometer (Holtain Ltd., Britain), accurate to 0.1 cm.

Waist circumference was measured at the narrowest point of the waist above
the level of the umbilicus. Hip circumference was taken at the level of the greatest
gluteal protrusion. Using these two measurements, waist to hip ratio (WHR) was
determined. WHR is used as an index of abdominal obesity. Ideally, males should
have a WHR less than 1 and females should be below 0.8. Studies have shown that
individuals with a high WHR have a higher risk of developing coronary heart disease
(CHD) and insulin resistance [Kermode-Scott,1996].

4.3.4.2 DEXA Scan

Subjects underwent a Dual-Energy X-Ray Absorptiometry (DEXA) scan
performed at Wollongong Nuclear Medicine. The Norland XR-26 X-Ray Bone
Densitometer (Norland Corporation, Wisconsin, U.S.A), measures bone mineral
content, fat mass, and fat free mass of the total body and specific regions. The
radiation dose that the patients were exposed to during this scan (0.05 – 1.5 millirems)
was approximately 500 times less than an antero-posterior chest X-ray, with a
negligible dose to the operator [Tataranni & Ravussin,1995; Lohman,1996].
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When the subjects arrived, they were familiarised with the equipment involved
and had the procedure explained to them. Following this, subjects assumed a supine
position within the active scanning area of the DEXA (198cm x 66cm). To facilitate
regional analysis subjects were positioned with their arms away from their trunk and
with their legs shoulder-width apart. Reference points were marked 1 cm above the
centre of the patient’s head, as well as a baseline (soft tissue) point in the abdomen.

Once these two points were marked, the scan commenced. Subjects were
instructed to remain still during the scan. A series of transverse scans were made from
head to toe, at 1cm intervals, with the x-ray source moving below and the detector
above the subject.

As operator technique has a major influence on the precision of the results, the
same technician performed each of the scans.

4.3.4.2.1 Analysis of the DEXA scan.

The scanned image was divided for regional analysis using analysis cursors.
They were positioned immediately inferior to the chin, with the right and left control
points of the chest cursor placed between the arms and torso as well as below the rib
cage. The upper right and left pelvic cursor control points were situated superior to the
iliac crests, while the right and left lower pelvic cursor control points were placed just
below the pubic symphysis. The left and right lower leg cursor control points were
located so that a minimum amount of hand tissue was included in the leg. Figure 4.2
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shows correct positioning of the cursor control points. Total fat mass, total lean mass
and bone mineral content calculations were then performed. Total lean mass values do
not include bone mineral content. The addition of total fat mass, total lean mass and
bone mineral content will give the individuals body mass.
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Figure 4.2 Positioning of the cursors for regional analysis
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4.3.4.2.2 Limitations and Validation of the DEXA scan

A number of factors affect the accuracy and precision of the DEXA. The type
of software and model of DEXA machine used will alter the results as various
methods are used to obtain the relationship between x-ray attenuation of the body and
actual body composition [Lohman,1996]. One problem often encountered is that the
total scan area (198 x 66 mm) may be too small for obese subjects; however, this was
not an issue in this study group. There is a paucity of studies examining the accuracy
of the DEXA scan in obese patients. Most studies use lean adults to determine the
precision of lean and fat mass measurements, and these have shown a precision
varying between 1.5 - 6% [Heymsfield et al.,1989; Mazess et al.,1990].

However, Tataranni and Ravussin (1995) [Tataranni & Ravussin,1995]
compared the accuracy of the DEXA measurement against hydrodensitometry in
determining the body composition of lean and obese subjects. They found that the
results of the DEXA were highly correlated with those from hydrodensitometry.
DEXA scans have also been used to accurately measure the fat content to within 1%
of meat blocks varying from 5 – 50% fat (this was validated using chemical analysis)
[Pintauro et al.,1996]. These results lend support to the reliability of the DEXA scan.
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4.3.5 Statistical Methods
Results are expressed as mean ± SEM. Statistical analysis was conducted
using JMP statistical package version 3.2.2 (SAS Institute Inc. Cary, NC). A 2-way
repeated measures ANOVA with training group as an effect was used to determine the
response of the 2 groups over the training period. For some analysis, possible
covariates were included in the 2-way ANOVA. Correlations were performed to
determine any relationships between (i) baseline values; (ii) the degree of change in
the variables measured; (iii) between baseline measures and the degree of change of
variables. In addition to the ANOVA, analysis was repeated as ANCOVA’s with
predicted variables (BMI, age, fat mass, lean mass, VO2peak, and CS activity) as
covariates. As no significant effects of the covariates were detected in any analysis
and as the subject numbers were barely adequate for this type of analysis they were
not reported in the thesis.

4.4 Results
4.4.1 Citrate Synthase Activity

Table 4.1 shows the effect of exercise training on the CS activity of skeletal
muscle for both groups as well as the results of the 2-way repeated measures
ANOVA. The analysis showed a non-significant group effect and no group by
intervention interaction, however, there was a significant intervention effect. This
suggests that the training protocols had a significant effect on the CS activity of both
groups, with the effect not significantly different between the two groups. However
figure 4.3 indicates that the increase in CS activity of the AT group appears to be

157

greater than the increase seen in the RT group (41% increase for the AT group, 24%
increase in the RT group).

Table 4.1. CS Activity of Skeletal Muscle
Aerobic Group

Resistance Group

2-Way ANOVA

Pre

Post

Pre

Post

G

I

GxI

12.3 ± 1.3

17.4 ± 1.1

12.2 ± 0.8

15.1 ± 0.9

NS

< 0.05

NS

CS activity
(ìmol.min-1.g-1)

Values are Mean ± SEM. Abbreviations: Pre = Before the training program; Post =
After the training program; G = Group effect; I = Intervention effect; G X I = Group
by Intervention Interaction; NS = not significant; < 0.05 = significant effect.
Within sample error
The average within sample error for the CS assay was 1.9%.
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Resistance Group
Aerobic Group
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Citrate Synthase Activity (umol.min .g )
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Figure 4.3: Changes in Citrate Synthase activity for both groups over the study
period. Points are mean values with their standard errors represented by vertical lines.

4.4.2 Membrane Phospholipid Composition
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Table 4.2 shows the change in muscle membrane phospholipid composition over the
training period for both groups. The only phospholipid fatty acid that showed a
significant group effect was 18:2 (n6). This was due to the large difference between
the two groups at baseline and after the training intervention (figure 4.4). There was
also a significant intervention effect but no group by intervention interaction. This
indicates that both groups were changing over the training period but not significantly
different from each other. This was supported by the 10% increase in the AT group
and a 6% increase in the RT group (Figure 4.4).

(18:2n6) fatty acids
(percentage of total membrane phospholipids)

Resistance Group
Aerobic Group

40

38

36

34

32

30

28

26
Pre-Intervention

Post-Intervention

Time Period

Figure 4.4: Change in the percentage of 18:2(n6) fatty acid in the membrane
composition of skeletal muscle for both groups over the study period. Points are mean
values with their standard errors represented by vertical lines.
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Table 4.2 Skeletal muscle membrane phospholipid composition
Aerobic Group
Fatty Acid

Pre

(16:0)
(18:0)
(18:1 n9)
(18:1 n7)
(18:2 n6)
(20.4 n6)
 n9
 n6

Poly-unsaturated

 Mono-unsaturated
C18/C16
C18:1/C16
 C20-C22
UI

20.6 ± 1.8
12.7 ± 1.0
8.8 ± 0.6
1.4 ± 0.3

34.2 ± 0.6
15.5 ± 1.0
10.9 ± 1.0
49.9 ± 1.4
53.1 ± 1.2
12.3 ± 1.2
0.6 ± 0.05

0.45 ± 0.06
19.6 ± 1.6

157.7 ± 3.8

Resistance Group

2-way ANOVA

Post

Pre

Post

Group

Intervention

GxI

17.5 ± 1.1

28.4 ± 5.3

26.0 ± 3.6

NS

NS

NS

NS

<0.05

<0.05

NS

<0.05

NS

NS

<0.01

<0.05

<0.05

<0.01

NS

NS

NS

NS

NS

NS

NS

NS

<0.01

NS

NS

<0.01

NS

NS

<0.01

NS

NS

<0.05

<0.01

NS

NS

NS

NS

NS

NS

NS

<0.05

NS

14.5 ± 0.8
7.5 ± 0.5
2.1 ± 0.1

37.7 ± 0.9
16.2 ± 1.2
9.6 ± 0.5

54.8 ± 1.8
56.3 ± 1.1
10.5 ± 0.7
0.8 ± 0.1

0.45 ± 0.05
19.4 ± 0.9

163.4 ± 3.4

12.5 ± 1.6
7.8 ± 0.7
1.2 ± 0.3

30.4 ± 2.1
15.2 ± 1.4
9.0 ± 0.8

45.8 ± 3.1
48.8 ± 3.2
10.1 ± 1.0
0.6 ± 0.1

0.36 ± 0.07
18.6 ± 1.4

142.6 ± 10.4

12.4 ± 1.4
7.0 ± 0.6
1.2 ± 0.3

32.3 ± 1.5
15.8 ± 1.5
9.1 ± 0.8

48.8 ± 2.2
52.0 ± 2.2
8.9 ± 0.8
0.6 ± 0.1

0.32 ± 0.05
19.9 ± 1.4

150.5 ± 8.9

Values are % of total fatty acids. Mean ± SEM. Abbreviations: Group: Training Group Effect, Intervention: Intervention Effect, G x I: Group by
Intervention interaction, NS: not significant, n9: sum of all n9 fatty acids, n6: sum of all n6 fatty acids, Poly-unsaturated = sum of all polyunsaturated fatty acids, Mono-unsaturated = sum of all mono-unsaturated fatty acids, C18/C16: Ratio of fatty acids with 18 carbons to fatty
acids with 16 carbons which reflects elongase enzyme activity. C20-C22 PUFA: Sum of polyunsaturated long chain fatty acids with 20 to 22
carbons; UI = Unsaturation Index.
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The fatty acid 16:0 did not show any significant effects in the 2-way
ANOVA.18:0 levels showed no group effect however there was a significant effect of
the intervention and there was also a significant group by intervention interaction.
This indicates that the training significantly altered 18:0 levels, and that the two
groups responded differently over the exercise period. These results reflect the 14 %
increase in the AT group and the 1% decrease in the RT group (figure 4.5). A
significant intervention effect was seen in the 18:1n9 levels, but no group effect or
group by intervention interaction. This was due to the 15% decrease in the AT group
and the 10% decrease in the RT group (figure 4.6). This shows that the 18:1n9 levels
for both groups were changing significantly over the intervention, however this
change was not significantly different between the two groups. There was no
significant group effect for 18:1n7, however there was a significant effect of the
training on these levels, as well as a significant group by intervention interaction
indicating that the intervention had a significant effect on the 18:1n7 levels for both
groups and that this effect was significantly different between the two groups. This
was reflected in the 50% increase in the AT group and the 0% change in the RT group
(figure 4.7). Both the sum of n9 fatty acids and the levels of 20:4n6 showed no
significant effects in the 2-way ANOVA.
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18:0 fatty acid
(percentage of total membrane phospholipids)
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Figure 4.5: Change in the percentage of 18:0 fatty acid in the membrane composition of both groups
over the study period. Points are mean values with their standard errors represented by vertical lines.
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Figure 4.6: Change in the percentage of 18:1(n9) fatty acid in the membrane composition of both
groups over the study period. Points are mean values with their standard errors represented by vertical
lines.
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(18:1n7) fatty acid
(percentage of total membrane phospholipids)

Resistance Group
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Figure 4.7: Change in the percentage of 18:1(n7) fatty acid in the membrane
composition of both groups over the study period. Points are mean values with their
standard errors represented by vertical lines.

Sum of n6 fatty acids showed no effect of group or the presence of a group
by intervention interaction, however there was a significant effect of the intervention.
This reflects the increase in the sum of n6 fatty acids in the AT group by 10% and 7%
increase in the RT group, and shows that the two groups changed significantly over
time, but not significantly different to each other. Sum of poly-unsaturated fatty acids
showed no group effects and no presence of a group by intervention interaction,
however there was a significant effect of the intervention. This indicates that the two
groups changed significantly over the intervention period and that this change was not
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significantly different between the two groups. This is reflected in the 6% increase in
the AT group and 7% increase in the RT group (figure 4.8).

Sum of mono-unsaturated fatty acids showed no effect of group or a group
by intervention interaction, however there was a significant effect of the intervention.
Sum of mono-unsaturated fatty acids decreased in the AT group by 15% and
decreased by 12% in the RT group (figure 4.9). There was no group effect for
C18/C16 ratio (elongase enzyme activity), however there was a significant
intervention effect as well as a significant group by intervention interaction showing
that the intervention had a significant effect on both groups and that this effect
differed between the groups. This was reflected in the 33% increase in the AT group
and the 0% change in the RT group (figure 4.10). The sum of C20 to C22 fatty acids
showed no significant effects in the 2-way ANOVA.

The UI values showed no effect of group or a group by intervention
interaction, however there was a significant effect of the intervention. UI values
increased in the AT group by 4% and increased by 6% in the RT group (figure 4.11).
This indicates that the intervention lead to a significant increase in the UI of both
groups and that this change was not significantly different between the two groups.

4.4.3 Muscle Triglyceride Composition

Changes in muscle triglyceride fatty acid composition is shown in Table 4.3.
Neither group showed any significant change in muscle triglyceride composition over
the training period.
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 Poly-Unsaturated fatty acids
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Figure 4.8: Change in the percentage of Poly-Unsaturated fatty acids in the
membrane composition of both groups over the study period. Points are mean values
with their standard errors represented by vertical lines.
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Figure 4.9: Change in the percentage of Mono-Unsaturated fatty acids in the
membrane composition of both groups over the study period. Points are mean values
with their standard errors represented by vertical lines.
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Figure 4.10: Change in the elongase enzyme activity (ratio of C18:C16 fatty acids)
for both groups over the study period. Points are mean values with their standard
errors represented by vertical lines.
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Figure 4.11: Change in the Unsaturation Index for both groups over the study period.
Points are mean values with their standard errors represented by vertical lines.
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Table 4.3 Skeletal muscle triglyceride fatty acid composition
Aerobic Training

2 – Way ANOVA

Resistance Training

Triglyceride

Pre

Post

Pre

Post

Group

Intervention

GxI

(14:0)

2.3 ± 0.3

2.1 ± 0.3

2.2 ± 0.2

2.1 ± 0.2

NS

NS

NS

(14:1)

2.2 ± 0.5

1.8 ± 0.3

1.8 ± 0.4

2.1 ± 0.3

NS

NS

NS

(16:0)

34.1 ± 4.0

34.0 ± 4.5

36.3 ± 4.3

37.0 ± 3.3

NS

NS

NS

(16:1)

4.8 ± 0.4

4.5 ± 0.4

4.5 ± 0.8

3.9 ± 0.6

NS

NS

NS

(18:0)

5.1 ± 0.4

5.3 ± 0.7

6.9 ± 1.9

5.7 ± 1.1

NS

NS

NS

(18:1 n9)

38.6 ± 2.9

39.2 ± 3.2

37.1 ± 3.8

38.0 ± 2.7

NS

NS

NS

(18:1 n7)

2.1 ± 0.2

2.3 ± 0.3

1.6 ± 0.4

1.5 ± 0.3

NS

NS

NS

(18:2 n6)

9.4 ± 1.3

9.5 ± 1.1

8.7 ± 1.2

8.8 ± 0.8

NS

NS

NS

Values are % of total fatty acids. Mean ± SEM. Abbreviations: Group: Training Group Effect, Intervention: Intervention Effect, G x I: Group by
Intervention interaction, NS: not significant.
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4.4.4 Body Composition
4.4.4.1 Anthropometry

Table 4.4 shows the changes in anthropometry over the training period. Waist
and hip circumference changed significantly over the intervention period with both
groups showing a reduction in waist and hip circumference. However, this change
was not different between the 2 groups. WHR and body mass did not show any
significant effects in the 2-way ANOVA.

Table 4.4. Changes in Anthropometry over the Training Period
Aerobic
Group
Pre
Post

Resistance Group

2-way ANOVA

Pre

Post

G

I

GxI

Waist (cm)

99.4 ± 2.7

97.3 ± 3.0

102.5 ± 3.7

100.5 ± 3.7

NS

<0.05

NS

Hips (cm)

109.4 ± 2.0

108.1 ± 2.1

108.6 ± 2.6

107.0 ± 2.8

NS

<0.05

NS

WHR

0.91 ± 0.01

0.90 ± 0.01

0.94 ± 0.02

0.94 ± 0.02

NS

NS

NS

92.4 ± 3.1
92.5 ± 5.0
93.2 ± 4.8
NS
NS
NS
Body Mass 92.8 ± 3.3
(kg)
Values are Mean ± SEM. Abbreviations: Pre = Before the training program; Post =
After the training program; G = Group effect; I = Intervention effect; G X I = Group
by Intervention Interaction; Waist = Waist Circumference; Hips = Hip Circumference;
WHR = Waist to Hips ratio; NS = not significant.

4.4.4.2 DEXA Scan

Table 4.5 shows the change in DEXA measurements over the training period.
Body fat percentage showed no significant group effect, or a group by intervention
interaction. However there was a significant effect of the intervention, suggesting that
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the two groups did change over the training period. This was reflected in the 3%
decrease in both groups (figure 4.12). Total fat mass showed no group or group by
intervention interaction however, there was a significant effect of the intervention.
This was reflected in the 2% decrease in the RT group and the 3% decrease in the AT
group (figure 4.13).

Total lean mass and abdominal fat mass did not show a group or intervention
effect nor a group by intervention interaction. Trunk fat mass showed a significant
intervention effect, but no group effect or group by intervention interaction. This
suggests that they did change over the training period, however this change did not
differ between the two groups. This is reflected in the 3% decrease in the RT group
and the 6% decrease in the AT group.

Table 4.5. Changes in DEXA measurements over the Training Period
Resistance Group

Body Fat

Aerobic Group

2-way ANOVA

Pre

Post

Pre

Post

G

I

GxI

29.8 ± 0.8

29.0 ± 0.9

29.6 ± 1.8

28.7 ± 1.7

NS

<0.05

NS

27.8 ± 1.4

26.9 ± 1.4

27.4 ± 3.1

26.8 ± 3.0

NS

<0.05

NS

61.7 ± 2.0

62.2 ± 2.0

59.8 ± 1.7

60.9 ± 1.9

NS

NS

NS

15.9 ± 1.0

14.9 ± 0.9

15.8 ± 1.9

15.3 ± 1.8

NS

<0.05

NS

8.1 ± 0.4

7.8 ± 0.4

8.6 ± 1.1

8.3 ± 1.1

NS

NS

NS

%
Total Fat
Mass (kg)
Total Lean
Mass (kg)
Trunk Fat
(kg)
Abdominal
Fat (kg)
Values are Mean ± SEM. Abbreviations: Pre = Before the training program; Post = After the training
program; G = Group effect; I = Intervention effect; G X I = Group by Intervention Interaction; Trunk
fat = the region from the clavicles down to the base of the ribs , not including the arms; Abdominal Fat
= the region from the base of the ribs to the top of the hips; NS = not significant.
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Figure 4.12: Change in body fat % for both groups over the training period. Points
are mean values with their standard errors represented by vertical lines.

R esistance G roup
Aerobic G ro up

31
30

Total Fat Mass (kg)

29
28
27
26
25
24
23
Pre-Intervention

Post-Interv ention

Tim e Period

Figure 4.13: Change in total fat mass for both groups over the training period. Points
are mean values with their standard errors represented by vertical lines.

172

4.4.5 Baseline Correlations

Looking at the results in Table 4.6 we can see that a number of muscle
triglyceride fatty acids are significantly correlated with fasting insulin (ln
transformed) and HOMA-R, while insulin sensitivity as measured by GIR during the
clamp was not significantly correlated with any of the muscle triglyceride fatty acids.

Table 4.6. Baseline correlations for measurements of Insulin Action and Muscle
Triglyceride Fatty Acids
M

Fasting Insulin

HOMA-R

(mg.kg-1.min-1)

(ln-transformed)

14:0

r = -0.05 (NS)

r = 0.77 (P<0.05)

r = 0.78 (P<0.05)

14:1

r = -0.03 (NS)

r = -0.54 (P<0.05)

r = -0.61 (P<0.05)

16:0

r = 0.17 (NS)

r = -0.69 (P<0.05)

r = -0.73 (P<0.05)

16:1

r = -0.48 (P<0.05)

r = 0.69 (P<0.05)

r = 0.72 (P<0.05)

18:1n9

r = -0.00 (NS)

r = 0.56 (P<0.05)

r = 0.60 (P<0.05)

r = Correlation coeffiecient; NS = Non Significant

Looking at the results in Table 4.7 we can see that none of the membrane
phospholipid fatty acids were significantly correlated with fasting insulin, HOMA-R,
or M.
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Table 4.7. Baseline Correlations for measurements of Insulin Action and Muscle
Membrane Phospholipid Fatty Acids
M
-1

Fasting Insulin
-1

HOMA-R

(mg.kg .min )

(ln-transformed)

16:0

r = -0.16 (NS)

r = -0.37 (NS)

r = -0.32 (NS)

18:0

r = 0.50 (P=0.06)

r = 0.15 (NS)

r = 0.11 (NS)

18:1n9

r = 0.03 (NS)

r = 0.15 (NS)

r = 0.10 (NS)

18:1n7

r = 0.18 (NS)

r = 0.20 (NS)

r = 0.21 (NS)

18:2n6

r = 0.10 (NS)

r = 0.31 (NS)

r = 0.23 (NS)

20:4

r = -0.18 (NS)

r = -0.08 (NS)

r = -0.07 (NS)

r = Correlation coeffiecient; NS = Non Significant.

4.4.6 Correlations between the changes in measures of insulin action and the
changes in variables that are possible mechanisms behind the improvement in
insulin sensitivity following exercise

The results in Table 4.10 show a significant correlation between the change
in M and the change in citrate synthase activity for the RT group and for the entire
group of subjects. The change in citrate synthase activity did not correlate with any
other measures of insulin action.
Table 4.8 Correlation between the change in CS activity and the change in
measures of insulin action
Change in CS activity (ìmol.min-1.g-1)

Change in M
(mg.kg-1.min-1)
Change in
HOMA-R
Change in FI
(ln-transformed)

All Subjects

AT group

RT group

r = 0.55 (P<0.05)

r = 0.27 (NS)

r = 0.78 (P<0.05)

r = -0.16 (NS)

r = -0.07 (NS)

r = -0.12 (NS)

r = -0.13 (NS)

r = -0.00 (NS)

r = -0.13 (NS)

FI = fasting insulin r = Correlation coeffiecient; NS = Non Significant; P<0.05 = significant effect
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The results in Table 4.9 shows that there were no significant correlations
between the change in unsaturation index and the change in measures of insulin action
for the RT group, AT group and for the entire group of subjects.

Table 4.9 Correlations between the change in Unsaturation Index and the change
in measures of Insulin Action
Change in Unsaturation Index

Change in M
(mg.kg-1.min-1)
Change in
HOMA-R
Change in FI
(ln-transformed)

All Subjects

AT group

RT group

r = -0.25 (NS)

r = 0.00 (NS)

r = -0.41 (NS)

r = 0.09 (NS)

r = 0.29 (NS)

r = 0.07 (NS)

r = 0.17 (NS)

r = 0.43 (NS)

r = 0.13 (NS)

FI = fasting insulin r = Correlation coeffiecient; NS = Non Significant

The results in Table 4.10 shows that there were no significant correlations
between changes in body fat percentage and changes in measures of insulin action for
the RT group, AT group and for the entire group of subjects.

Table 4.10 Correlations between the change in Body Fat % and the change in
measures of insulin action
Change in Body Fat %

Change in M
(mg.kg-1.min-1)
Change in
HOMA-R
Change in FI
(ln-transformed)

All Subjects

AT group

RT group

r = 0.16 (NS)

r = 0.05 (NS)

r = 0.24 (NS)

r = -0.32 (NS)

r = -0.41 (NS)

r = -0.32 (NS)

r = -0.39 (NS)

r = -0.39 (NS)

r = -0.44 (NS)

FI = fasting insulin r = Correlation coeffiecient; NS = Non Significant; P<0.05 =
significant effect
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The results in Table 4.11 shows that there were no significant correlations
between changes in trunk fat and changes in measures of insulin action for the RT
group, AT group and for the entire group of subjects.

Table 4.11 Correlations between the change in Trunk Fat (kg) and the change in
measures of insulin action
Change in Trunk Fat (kg)

Change in M
(mg.kg-1.min-1)
Change in
HOMA-R
Change in FI
(ln-transformed)

All Subjects

AT group

RT group

r = -0.07 (NS)

r = -0.12 (NS)

r = 0.02 (NS)

r = -0.26 (NS)

r = -0.33 (NS)

r = -0.41 (NS)

r = -0.29 (NS)

r = -0.33 (NS)

r = -0.45 (NS)

FI = fasting insulin r = Correlation coeffiecient; NS = Non Significant; P<0.05 =
significant effect

The results in Table 4.12 shows that there were no significant correlations
between changes in total fat mass and changes in measures of insulin action for the
RT group, AT group and for the entire group of subjects.

Table 4.12 Correlations the between change in Total Fat Mass (kg) and the
change in measures of insulin action
Change in Total Fat Mass (kg)

Change in M
(mg.kg-1.min-1)
Change in
HOMA-R
Change in FI
(ln-transformed)

All Subjects

AT group

RT group

r = 0.07 (NS)

r = 0.08 (NS)

r = 0.11 (NS)

r = -0.23 (NS)

r = -0.38 (NS)

r = -0.26 (NS)

r = -0.30 (NS)

r = -0.36 (NS)

r = -0.38 (NS)

FI = fasting insulin r = Correlation coeffiecient; NS = Non Significant; P<0.05 =
significant effect
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4.5 Discussion

The exercise intervention had a significant effect on citrate synthase (CS)
activity of the vastus lateralis muscle. The rise in the AT group appeared greater than
that of the RT group (AT 41% increase, RT 24% increase), however this was
expected as CS is an oxidative enzyme and would be altered more by aerobic exercise
than anaerobic. This is due to the fact that aerobic exercise places greater reliance on
the oxidative system of the muscle, while resistance training relies more on the
glycolytic energy system. Similar increases in CS to those seen in the AT group have
been shown in other aerobic training studies [Allenberg et al.,1988]. In regard to RT
few studies have looked at the effect of RT on oxidative enzyme activity. Those that
have, report similar increases in oxidative enzymes as that seen in our study [Komi &
Viitasalo,1978].

CS appears to be a more sensitive indicator of a muscle training effect than
.

V O2peak for the RT group. The CS results provide the clearest evidence of a major
training effect with both training regimes. A significant correlation between the
change in CS activity and peripheral insulin sensitivity was observed for the RT group
and for all the subjects when combined as a single group. However the fact that we
did not see a significant change in peripheral insulin sensitivity, in the presence of a
significant increase in CS activity, suggests that oxidative capacity, per se, may not be
the driving mechanism behind any positive effect of exercise on peripheral insulin
sensitivity.
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As there was an increase in the hepatic insulin sensitivity and CS activity of
both groups, it is conceivable that CS activity may play a role as one of the
mechanisms behind this increase in insulin sensitivity. Even though CS is measured in
the periphery it may represent an overall biochemical training effect that impacts on
hepatic insulin sensitivity. However the lack of a correlation between the change in
CS and the change in hepatic insulin sensitivity argues against this hypothesis.

As CS is a marker of oxidative capacity the theory behind its possible effect
on insulin sensitivity is that any decrease in CS activity would decrease flux through
the Krebs cycle, leading to a decrease in the rate of glycolysis and subsequently
decrease the amount of glucose being taken up into the cell. The poor relationship
between insulin sensitivity and CS activity suggests that the activity of the Krebs
cycle is not rate limiting in insulin sensitivity.

The level of palmitic acid [16:0] in skeletal muscle membranes has been
negatively related to insulin sensitivity [Vessby et al.,1994]. Our results did not
exhibit a significant decrease in the level of palmitic acid [16:0] in the membranes,
however both groups did show a reduction (15% AT group, 8% RT group) that was
close to a significant intervention effect (P=0.07). Thomas and colleagues, [Thomas et
al.,1977] found that endurance trained athletes have lower levels of palmitic acid
[16:0] when compared to untrained individuals. Unfortunately, Thomas et al. did not
control for dietary intake, therefore it is quite plausible that the dietary intake of the
athletes was different to the sedentary controls. As the fatty acid content of the diet is
a potent modulator of membrane fatty acid composition, the diet composition may
have confounded the effect of the exercise. A similar study by Andersson et al.
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[Andersson et al.,2000] compared the phospholipid membrane composition of
endurance athletes and untrained individuals. Dietary intake was partly controlled for
8 weeks prior to the study. They also found that the trained group exhibited lower
levels of palmitic acid [16:0]. The actual difference between the palmitic acid [16:0]
levels of the two groups was 13%, which is comparable to the non significant
decrease seen in the AT group within this study. Andersson and co-workers
[Andersson et al.,1998] conducted an aerobic exercise training study on a population
almost identical to the one used in this study, the training protocol was different
though with subjects training every day for 6 weeks. Results showed that the level of
palmitic acid [16:0] decreased significantly by 7% over the training period. Therefore
our near significant decrease in palmitic acid [16:0] (15% decrease AT, 8% decrease
RT) seems to follow the pattern of the literature.

Stearic acid [18:0] levels did change significantly in response to the
intervention. Moreover this change was significantly different between the two
groups, with the AT group showing a 14% increase and the RT group exhibiting a 1%
decrease. This result is in line with other studies which have shown that endurance
athletes have higher levels of stearic acid [18:0] compared to sedentary individuals
[Thomas et al.,1977; Andersson et al.,2000]. In addition, athletes also exhibit a
positive correlation between the amount of exercise performed and stearic acid [18:0]
levels [Thomas et al.,1977].

The significant increase in stearic acid [18:0] as well as the decrease in
palmitic acid [16:0], led to a significant intervention effect in the ratio of stearic to
palmitic acid [18:0/16:0] for both groups. However this change differed between the
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two groups, which the change seen primarily in the AT group. This ratio reflects the
activity of the enzyme elongase (increases the length of the fatty acid chain). Elongase
enzyme activity has been positively associated with insulin sensitivity, and has been
shown to be higher in endurance trained athletes than sedentary individuals [Clore et
al.,1998].

A number of human training studies show that aerobic exercise training leads
to an increase in the level of oleic acid [18:1(n-9)], resulting in a higher ratio of oleic
to palmitic acid [18:1(n-9)/16:0] [Andersson et al.,2000; Helge et al.,2001]. An
increase in this ratio suggests a rise in the Ä9-desaturase activity (an enzyme that
increases the number of double bonds within a fatty acid). These findings were not
supported by our current study. Even though there was a decrease in palmitic acid
[16:0] levels for both groups, we also saw a significant decrease in the levels of oleic
acid [18:1(n-9)] in both groups, resulting in no change in the ratio.

Both groups in this study had an increase in the sum of n6 fatty acids. This
increase was due to a rise in the proportion of linoleic [18:2(n-6)]. This result is not
supported by other training studies [Andersson et al.,1998; Helge et al.,2001] or cross
sectional studies that show no difference in the level of this fatty acid between trained
and untrained individuals [Thomas et al.,1977; Andersson et al.,2000].

Andersson and colleagues [Andersson et al.,2000] found that endurance
trained athletes had a significantly lower n-6 to n-3 PUFA ratio, compared to
untrained individuals, mainly due to the higher proportion of DHA [22:6(n-3)] and a
lower proportion of dihomo-ã-linolenic [20:3(n-6)]. We found that it was very
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difficult to demonstrate significant changes in some of the fatty acids that are present
in low proportions eg. n-3 fatty acids, as the measurement error associated with their
determination can exceed their levels.

We did not observe a significant change in arachidonic acid [20:4(n-6)] levels.
This supports studies which show no difference between the arachidonic acid [20:4(n6)] levels of endurance trained athletes and those of sedentary controls [Andersson et
al.,2000]. Nevertheless this is in contrast to reports that an exercise training protocol
significantly reduces arachidonic acid [20:4(n-6)] levels in untrained humans
[Andersson et al.,1998] and rats [Helge et al.,1999].

When comparing the changes in membrane phospholipid composition for the
RT and AT groups they are quite similar. Both groups had similar decreases in
palmitic acid [16:0], oleic acid [18:1(n-9)], and the sum of mono-unsaturated fatty
acids. The two groups also had similar increases in linoleic [18:2(n-6)], sum of n-6
fatty acids, sum of poly-unsaturated fatty acids and UI. The only differences between
the groups was the significant increase in the stearic acid [18:0], vaccenic acid
[18:1(n-7)] and the ratio of stearic to palmitic acid [18:0/16:0], with the main effect
appearing to be due to the AT group.

Overall there does not seem to be an obvious pattern to the changes in
phospholipid composition of the membranes in response to exercise. However, the
increase in both the sum of poly-unsaturated fatty acids and the UI of the membranes
suggests that both exercise interventions lead to an escalation in the fluidity of the
membranes. A number of studies have shown that an increase in membrane fluidity is
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related to an increase in insulin sensitivity [Storlien et al.,1991; Borkman et al.,1993;
Vessby et al.,1994; Pan et al.,1995; Luo et al.,1996]. The lack of change in the
peripheral insulin sensitivity of the subjects in this study, indicate that favourable
changes in the composition of the muscle’s membrane does not necessarily lead to an
increase in insulin sensitivity. Also further support for this argument comes from the
fact that changes in UI did not correlate with changes in any of the measures of
peripheral insulin sensitivity. Alterations in membrane composition may contribute to
hepatic insulin sensitivity as we saw changes in both these variables, however the lack
of correlations between the change in UI and the change in hepatic insulin sensitivity
suggest that the effects are weak or offset by other factors.

The results of this thesis indicate that a 10 week exercise program consisting of either
resistance or aerobic training does not alter muscle triglyceride composition. These
findings are in line with other training studies, that also show no effect of exercise
training on muscle triglyceride composition [Andersson et al.,1998; Helge et
al.,2001]. In contrast a cross sectional study by Andersson and colleagues [Andersson
et al.,2000] showed that endurance trained athletes exhibit a different muscle
triglyceride composition compared to untrained individuals. The athletes had lower
levels of palmitic acid [16:0] and elevated levels of á-linolenic [18:3(n-3)]. However
the Helge and Anderson studies, as well as this thesis were all less than 11 weeks in
duration, while the endurance athletes in the Andersson study [Andersson et al.,2000]
had been training for a minimum of 6 years. It is possible that exercise does have a
significant effect on muscle triglyceride composition, however these short term
training programs may not be long enough in duration to see a significant effect. As
we did not see a change in muscle triglycerides it is difficult to determine if it had a
significant effect on peripheral or hepatic insulin sensitivity
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It is interesting that the exercise training lead to changes in membrane
phospholipid composition but no change in muscle triglyceride content. This suggests
that different pools of fatty acids are treated differently in response to exercise
training. Interestingly baseline peripheral or hepatic insulin sensitivity was not
correlated with baseline membrane phospholipid fatty acid composition. This goes
against past findings in the literature which show that the more unsaturated the fatty
acid profile of a membrane, the greater the cells insulin sensitivity [Storlien et
al.,1991; Borkman et al.,1993; Vessby et al.,1994; Pan et al.,1995; Luo et al.,1996].
Unusually we found a significant relationship between baseline muscle triglyceride
composition and both peripheral and hepatic insulin sensitivity as well as fasting
insulin levels. The direction of this relationship varied depending on the fatty acid
examined, with no real obvious pattern. These findings have been supported by
previous studies which show that the level of palmitic acid (16:0) in muscle
triglycerides was inversely correlated with M [Manco et al.,2000].

Results of the 2-way ANOVA showed that there was a significant effect of the
intervention on body fat %, total fat mass and trunk fat with reductions in these over
the study period. The RT and AT groups both saw a 3% decline in body fat %, while
the RT and AT groups had a 2% and 3% reduction respectively in total fat mass. Also
the trunk fat of the RT and AT groups declined by 3 and 6% respectively. Other
exercise intervention studies report mixed results in terms of changes in body fat
[Soman et al.,1979; Krotkiewski et al.,1985; Hurley et al.,1988; Craig et al.,1989;
Smutok et al.,1993; Miller et al.,1994; Smutok et al.,1994; Eriksson et al.,1998;
Poehlman et al.,2000].
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The relationship between obesity and insulin resistance [Goodpaster et
al.,1997] is possibly explained by the over supply of lipids seen in obese individuals
[Reaven et al.,1988; McGarry,1992; Frayne,1993; Boden et al.,1994]. However not
all studies that report a significant decrease in body fat levels also report a significant
increase in insulin sensitivity [Soman et al.,1979; Mikines et al.,1989; Dela et
al.,1992; Yamanouchi et al.,1995; Dengel et al.,1996]. Our results showed no
correlation between the change in body fat measures and the change in peripheral or
hepatic insulin sensitivity. However, as the change in body composition was very
small, larger changes may be necessary before any relationship can be determined.
Also subjects did not see any change in the circulating lipid supply (as there was no
change at least in fasting plasma triglyceride levels).

The results of this study do not clearly identify the possible mechanism behind
changes in insulin sensitivity following exercise training. First of all CS activity does
not appear to have a mechanistic effect on peripheral insulin sensitivity as CS activity
increased greatly over the training period and peripheral insulin sensitivity did not
change significantly. However there was a significant correlation between the change
in peripheral insulin sensitivity and CS activity for the RT group and both groups
combined. If there is in fact an association between these two measures it is a minor
one. Also it does not appear that CS activity has a significant effect on hepatic insulin
sensitivity. It was hypothesised that the phospholipid membrane composition of
skeletal muscle may be related to insulin sensitivity. This does not appear to be the
case as the membranes became less saturated yet peripheral insulin sensitivity did not
change. The phospholipid composition of the membrane may have affected hepatic
insulin sensitivity, however again there was no correlation between the changes in
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these two variables. As the change in membrane phospholipid composition was only
small a larger change may be needed in order to see an effect on insulin action. The
lack of change in muscle triglyceride composition makes it difficult to determine how
it affects insulin sensitivity, however past studies showing significant changes in
insulin sensitivity without alterations in muscle triglyceride composition, suggest that
it is not a driving mechanism [Andersson et al.,1998]. Also the small changes in body
composition do not appear to have been enough to have a significant effect on
peripheral or hepatic insulin sensitivity. Further research needs to be conducted before
we can clearly identify the mechanism behind the improvement in insulin sensitivity
induced by exercise training.

The lack of overall change in whole-body insulin action of either training
protocol groups makes it less likely that relationships will be found between the
variables studies and insulin action in individuals across both groups. The relative
lack of change in insulin action led us to focus on dietary change as a possible means
of understanding our results.
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CHAPTER 5
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Chapter 5. EFFECT OF EXERCISE TRAINING ON
DIETARY CONSUMPTION IN HUMANS

5.1 Introduction

Even though individuals in this study were specifically instructed not to
change their dietary intake over the intervention period, it is possible that the exercise
intervention may compel them to change their diet habits. Reasons for this could be
that their involvement in an exercise program may cause them to be more health
conscious as well as the inclusion of exercise may alter their routine and interfere with
their normal meal structure.

In studies examining the effect of dietary intake on insulin sensitivity there has
been a great deal of research performed in experimental animals, particularly rodents,
however in humans there are far fewer studies. A number of animal studies have
shown that dietary consumption is significantly associated with variables related to
insulin action. In particular the fatty acid composition of the diet is significantly
related to insulin sensitivity [Storlien et al.,1987; Field et al.,1990; Storlien et
al.,1991; Sohal et al.,1992]

In humans, the level of SFA in the diet has been shown to be a significant
independent predictor of fasting insulin levels in young men and women [Ludwig et
al.,1999], as well as middle aged men [Parker et al.,1993]. Moreover, cross-sectional
studies have shown that fasting insulin levels are positively associated with the
percentage of SFA in plasma phospholipids (a marker of dietary fatty acid intake)
[Folsom et al.,1996]. Also the level of SFA and MUFA consumed in the diet has been
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positively correlated with an individuals HOMA-R values [Lovejoy et al.,2001]. In
addition there is evidence to indicate that the fatty acid profile of the diet has an effect
on the fatty acid composition of the skeletal muscle membrane in both rats [Field et
al.,1990; Storlien et al.,1991; Pan & Storlien,1993; Ayre & Hulbert,1996; Luo et
al.,1996] and humans [McMurchie et al.,1996; Baur et al.,1998].

It appears that diet composition affects measures that are used to assess insulin action
and some of the possible mechanisms related to the improvement in insulin sensitivity
that accompanies exercise training. Therefore dietary intake was assessed over the 10
week training period.

The diet history (DH) method is a vital tool in dietary assessment and is one
method used in this thesis. There are different versions of this technique in use today,
varying from open-ended in-depth interviews with trained dietitians to selfadministered questionnaires which often resemble food frequency questionnaires. The
diet history used in this thesis falls in the first category, as it is an in depth account of
a person’s habitual dietary intake obtained during an interview process. In addition to
the diet history, dietary intake was also assessed using a 7-day weighed food record
(FR), in which the subjects record all food and drink consumed over a 7-day period.
Data from the 7-day FR will be used to asses the relative validity of the diet history
data. The 7-day FR is by no means the gold standard measurement, however it has
been used as a standard for many studies assessing the validity of the diet histories
data [Mahalko et al.,1985; Jain et al.,1996]. Various statistical methods are used in
this analysis ranging from t-tests, correlations, and Bland Altman analysis.
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The aim of this chapter is to establish if the dietary intake of the individuals
participating was altered over the study period.

5.2 Methods
5.2.1 Diet History

All subjects participated in a modified Burke diet history interview
[Burke,1947], conducted by a dietitian (for timing of DH see section 2.2.5). The DH
interview was used to determine the habitual dietary intake of the subjects. Within this
interview subjects were questioned regarding the amount and frequency of food
consumption. Interviewers used food models and normal household measurements to
prompt and assist the subjects in identifying portion sizes. This procedure was
conducted to ascertain if macronutrient and energy balance changed significantly over
the training period. The same DH method was used at baseline and following the
exercise intervention. At the conclusion of the initial DH all subjects were instructed
not to change their dietary intake over the intervention period.

5.2.2 7-Day Food Record

Subjects were given 7-day FR (5 week days and 2 weekend days) booklets at
their dietary interview and were instructed on how to weigh and measure all food and
drink consumed during the 7 consecutive day period. Instructions were given on how
to fill out the records including portions by weight or household measures, brand
names and how the foods were prepared. Subjects were given Salters SlimmerTM
scales, and standard cups and spoons to aid in measurement. The records were
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checked for missing data and obvious errors in recording when collected by the
dietitian at both time points in the study. The 7-day FR was used as the reference
method against which the DH was assessed.

All dietary data was analysed by qualified dietitians using the FoodWorks
nutrient analysis software package (Version 2.03, Xyris Software, Highgate Hill,
Brisbane, Australia), which is based on the Australian Nutrient Tables (NUTTAB
1995, Department of Human Services and Health, Canberra, 1995).

5.2.3 Dietary Data

Dietary data is expressed as mean ± SEM. Statistical analysis was conducted
using JMP statistical package version 3.2.2 (SAS Institute Inc. Cary, NC). A 2-way
repeated measures ANOVA with training group as an effect, was used to determine
differences in the dietary intake of the two groups over the training period. All
macronutrients are expressed as a percentage of total energy intake as well as total
intake in grams. Fat subtypes are expressed as a percentage of total fat intake (%
MUFA, % PUFA, % SFA).

5.2.4 Statistical Analysis
5.2.4.1 Comparison of data from the Diet History and 7-day food record methods

The DH used in this study has been shown to be an accurate tool to measure
dietary intake in the population examined within this thesis [Tapsell et al.,1999]. As a
quality assurance measure, we compared the diet history data with that of the 7-day
food records. The means and SD percent energy contribution for each macronutrient
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measured in the diet history and 7-day FR were calculated and compared. Data sets
from both methods were tested for normality using a Shapiro-Wilk test. In
macronutrients that were normally distributed paired t-tests were used, while for those
that were not normally distributed a non-parametric t-test (Wilcoxon-signed rank test)
was used. Both tests examined whether there were significant differences between the
group data for the DH and the 7-day FR. Following the comparison of the means,
correlations were run for each macronutrient between the diet history and the 7-day
FR to determine the relationship between measures derived from the two methods.
For macronutrients that were normally distributed Pearson product moment
correlations were used, while Spearmans rank correlations were used on non-normally
distributed data.

5.2.4.2 Relative Bias in Diet History Measurement

Bias in the DH measurement was described as the difference between the
diet history and the 7-day FR (DH-FR). The relationship between bias and mean
dietary intake ((DH + FR)/2) at baseline was determined using a technique described
by Bland and Altman [Bland & ALtman,1986]. This method uses the plot of mean
intake versus bias to examine the association between bias and macronutrient intake.
With each dietary variable the limits of agreement were set at two standard deviations
from the mean bias (95% confidence intervals of the bias). If bias calculations for
each individual fell within the limits of agreement, the diet history and 7-day FR
measurements were taken as being in agreement. Also regressions lines were plotted
on the graph of bias and mean dietary intake. This enabled us to determine if there
was a trend in bias over the range of dietary intakes.
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5.2.4.3 Plausibility of Energy Intake data

In an attempt to detect if subjects were under-reporting their dietary data,
cut-off limits for plausible energy intake data were set [Goldberg et al.,1991]. Within
these calculations, measured rather than predicted basal metabolic rate was used
(measured at baseline). These formulas determine if reported energy intake is
representative of long-term habitual intake in healthy individuals. The cut off for
energy intake measured by the diet history was set at BMR x 1.18 for individuals, and
BMR x 1.46 for the entire group [Goldberg et al.,1991]. Individuals with energy
intake values below this cut off limit were classified as under reporters.

5.3 Results
5.3.1 Diet Composition

Changes in the macro-nutrient composition of the dietary intake for both the
endurance and resistance training groups are shown in Table 5.1. The results of the 2way repeated measures ANOVA showed that there were no group or intervention
effects, and no group by intervention interactions for the following variables; total
energy intake, intake in grams of protein, carbohydrate, fat, poly-unsaturated fatty
acids (PUFA), mono-unsaturated fatty acids (MUFA), saturated fatty acids (SFA), as
well as the percentage of protein, carbohydrate, fat, and MUFA. The only significant
results of the 2-way repeated measures ANOVA were seen in an effect of the
intervention on the percentage of dietary PUFA and SFA. These results reflected the
11% drop in the % PUFA intake in the AT group and the 22% decrease seen in the
RT group, (Figure 5.1) as well as the 1% increase in the % SFA intake in the AT
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group and a 13% increase in the RT group (Figure 5.2). Figure 5.1 also shows that
%PUFA intake for both groups exhibited far less variation in the measurement for
post intervention intake than in the pre intervention intake. In addition Figure 5.1 and
5.2 indicate that at baseline both groups appear to differ in terms of their %PUFA and
%SFA dietary intake, with the RT group consuming more PUFA and less SFA than
the AT group.

R esistance G roup
A erobic G roup

% PUFA intake of total fat intake

24

22

20

18

16

14

12

10
Pre-Intervention

Post-Intervention

Tim e Period

Figure 5.1 Change in the percentage of PUFA intake for both groups over the training
period. Percentage is expressed per total fat intake. Points are mean values with their
standard errors represented by vertical lines.
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Table 5.1 Diet Composition based on the Diet History
Daily Intake

Aerobic Training
Pre
Post

Resistance Training
Pre
Post

G

2-way ANOVA
I

GxI

9922.3 ± 551.2

9815.2 ± 1576.1

9588.0 ± 509.4

8757.6 ± 455.6

NS

NS

NS

Protein (g)

98.0 ± 5.9

101.6 ± 11.3

90.3 ± 5.5

118.0 ± 28.7

NS

NS

NS

Carbohydrate
(g)

283 ± 14.9

350.0 ± 57.9

281.4 ± 18.8

274.0 ± 14.3

NS

NS

NS

Fat (g)

87.7 ± 9.1

86.22 ± 5.1

82.5 ± 11.8

82.7 ± 6.4

NS

NS

NS

PUFA (g)

11.6 ± 1.4

12.3 ± 2.9

16.4 ± 3.7

11.4 ± 1.4

NS

NS

NS

MUFA (g)

30.4 ± 3.1

28.9 ± 2.0

30.1 ± 5.2

27.5 ± 2.0

NS

NS

NS

SFA (g)

38.9 ± 5.1

35.6 ± 2.1

29.0 ± 3.4

31.8 ± 3.1

NS

NS

NS

Protein (%)

17.0 ± 1.1

16.0 ± 1.1

16.1 ± 0.9

16.8 ± 1.2

NS

NS

NS

Carbohydrate
(%)

45.8 ± 1.4

49.6 ± 3.5

47.4 ± 2.7

51.6 ± 3.6

NS

NS

NS

Fat (%)

32.4 ± 2.1

28.9 ± 2.6

31.3 ± 2.8

28.4 ± 3.1

NS

NS

NS

PUFA (%)

14.6 ± 1.9

13.0 ± 0.9

20.9 ± 2.2

16.3 ± 0.9

NS

<0.05

NS

MUFA (%)

37.8 ± 1.3

38.9 ± 0.8

39.5 ± 1.5

39.2 ± 0.9

NS

NS

NS

SFA (%)

47.46 ± 2.1

48.14 ± 1.3

39.6 ± 3.1

44.6 ± 2.0

NS

<0.05

NS

Total Energy
(kJ)

Values are Mean ± SEM. Abbreviations: G = Training group effect; I = Intervention effect; G X I = Group by Intervention Interaction; NS = not significant; Total Energy =
Total daily intake; PUFA = Poly-unsaturated fatty acids; MUFA = Mono-unsaturated fatty acids; SFA = Saturated fatty acids.

194

Resistance G roup
Aerobic G roup
52

% SFA intake of total fat intake

50
48
46
44
42
40
38
36
34
Pre-Intervention

Post-Intervention

Tim e period

Figure 5.2 Change in the percentage of SFA intake for both groups over the training period.
Percentage is expressed per total fat intake. Points are mean values with their standard errors
represented by vertical lines.

5.3.2 Statistical Analysis
5.3.2.1 Comparison of the Diet History and 7-day food record data

Table 5.2 shows the results of the comparison between diet history and 7-day
food record data. There were no significant differences between the means for the
diet history and 7-day food records. The strength of the correlations between the diet
history and the 7-day food records varied between the various nutrients (range: 0.180.78). With the exception of protein intake expressed in grams, the correlations
between the diet history and the 7-day food records were strong.

195

Table 5.2 Relationship between diet history and 7-day food record data
Diet History

7-day Food Record

Nutrient

Mean

SD

Mean

SD

r

Energy (kj)

9531.8

1399.6

10384.6

2119.4

0.42

16.5

2.7

16.3

4.2

0.53 *

Pr
otein

(% Energy)
Carbohydrate
46.3
6.7
46.3
5.8
0.37
(% Energy)
Fat
32.8
7.1
33.1
4.6
0.64 *
(% Energy)
Alcohol
2.4
3.3
2.5
3.8
0.85 *
(% Energy)
PUFA
18.1
7
15.7
3.3
0.50
(%Total Fat)
MUFA
39.2
4.7
40.0
3.5
0.73 *
(%Total Fat)
SFA
42.7
9.5
44.3
4.7
0.74 *
(%Total Fat)
Protein
91.6
15.2
98.9
34.5
0.18
(g)
Carbohydrate
274.3
47.8
300.9
71.5
0.48
(g)
Fat
85.8
29.7
93.8
26.8
0.65 *
(g)
Alcohol
7.8
10
7.8
11.8
0.78 *
(g)
PUFA
14.6
9.5
13.4
5.2
0.73*
(g)
MUFA
31.0
13.0
34.6
11.4
0.64*
(g)
SFA
33.1
11.4
37.8
11.1
0.54*
(g)
Abbreviations: SD = Standard deviation, r = correlation coefficient for the correlation
between the means for the DH and 7-day FR, % Energy = percentage of total energy
intake, % Total Fat = percentage of total energy intake, PUFA = Poly-unsaturated
fatty acids, MUFA = mono-unsaturated fatty acids, SFA = Saturated fatty acids, * = P
< 0.05.
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5.3.2.2 Relative Bias in the Diet History Measurement

At the individual level, the discrepancies between the DH and FR for the
measurement of the PUFA composition of the diet are relatively small at low intakes
of PUFA and increase in the positive direction at higher intakes (Figure 5.3). The
Bland plot is showing that the overall bias is positive towards the DH, that is the DH
overestimates %PUFA at higher intakes. Therefore, as the intake of PUFA becomes
greater, the discrepancies between the DH and the FR become greater. This is not
surprising given that PUFA is such a ubiquitous fatty acid in the diet and larger
intakes are more difficult to recall, resulting in a discrepancy between reported and
recalled intake. In addition, at higher intakes, people may overcompensate with
greater PUFA recall. PUFA has also been shown to be problematic in the past since
there can often be a bias in SFA reporting amongst groups. Social approval biases can
lead to an underestimation of the amount of SFA in higher fat consumers and this is
replaced with PUFA sources (Martin 2002). This was confirmed by the
underestimation of SFA intake by the DH in Figure 5.4.

Figure 5.3 and 5.4 show that all cases fall between the confidence intervals.
This shows that the discrepancy between the two measurements was not large enough
to fall outside of 2 standard deviations from the mean discrepancy. This is a
favourable result considering past studies indicate that the measurement of PUFA is
problematic (Martin 2002).
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Figure 5.3 Bias plot showing the association between bias in PUFA measurement and the mean intake
of PUFA as a percentage of total fat intake at baseline. SD = standard deviation. (*, significant at P <
0.05)
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Figure 5.4 Bias plot showing the association between bias in SFA measurement and
the mean intake of SFA as a percentage of total fat intake at baseline. SD = standard
deviation. (*, significant at P < 0.05)
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5.3.2.3 Plausibility of energy intake data

Table 5.3 shows the reported energy intake during the diet history to
measured BMR ratio for each individual. The results showed that 8 out of 20 of the
subjects under-reported, and also it showed that as a group they did under-report on
their energy intake.
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Table 5.3 Detection of under-reporting in the Diet History data.

1

Reported Energy
Intake
(kcal.24hours-1)
1988.80

2

2552.94

1740

1.47

3

2319.98

1710

1.36

4

1974.15

1500

1.32

5

2193.21

1954

1.12 *

6

1769.86

1750

1.01*

7

1209.32

2330

0.52 *

8

2989.92

2489

1.20

9

2413.00

2000

1.21

10

2364.47

2200

1.07 *

11

2461.18

2180

1.13 *

12

2144.30

1990

1.08 *

13

2688.31

1980

1.36

14

2045.26

1740

1.18

15

2022.58

1700

1.19

16

2614.63

2220

1.18

17

2902.12

1980

1.47

18

2215.23

1820

1.22

19

2044.73

1830

1.12 *

20

2575.21

1860

1.38

Subject

Average

Measured BMR
(kcal.24hours-1)

EI/BMR ratio

1760

1.13 *

1.18 *

Abbreviations: EI = energy intake; BMR = basal metabolic rate; * = ratio below cut
off limit.
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5.4 Discussion

Even though subjects were instructed not to change their dietary intake over the
training period, the results of the diet history did show that the intervention had a
significant effect on the subject’s intake of PUFA and SFA. Both groups had a
decrease in PUFA (expressed as a percentage of total fat intake), with the RT group
showing a 22% decrease and the AT group an 11% decrease. In addition both
groups had an increase in SFA intake, with a 1% increase in the AT group and a 13%
increase in the RT group. Other comparison studies have attempted to control for diet
over the training period by instructing subjects not to alter their dietary intake and
attempting to measure any change by 4 day food records. These studies reported that
there was no change in dietary intake over the training period. Similar findings have
been reported in RT studies [Hurley et al.,1988; Miller et al.,1994]. The dietary
recording used in this thesis is a more accurate measure of dietary intake and it is
possible that within these above mentioned studies, there could have been changes in
diet that were not revealed by the 4 day food records.

The lack of significance at the group level for the difference in mean absolute intake
pre and post intervention both energy and macronutrient intake does not mean that at
the individual level, the diet did not change. Small discrepancies within individuals
may not have been large enough to yield significantly different means. In addition,
mean energy intake decreased but not significantly which may mean that diet did
change slightly but the changes were not large enough to be significant. Small shifts
in other macronutrients may have led to larger shifts within the fat sector. In the RT
group, where the changes were likely to be contributing to significantly different
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means overall, absolute PUFA decreased and absolute SFA increased. Although not
significant the net effect of these small changes may have changed the composition
of the diet enough to yield significance between means. In this instance, although
absolute fat intake didn’t change, the composition of the fat in the diet was changing
although in absolute terms the shifts were still small.

The change in SFA and PUFA intake could be the result of intervention bias, due to
the fact that subjects began exercising and had their diets monitored. They may have
become more health conscious about what they were eating. Therefore it is possible
that they may have modified their fat intake. Low fat diets have been shown to be
high in saturated fat as a percentage of total fat [Popkin et al.,2001], this is due to the
fact that individuals tend to decrease their intake of added fats (eg. margarine,
cooking oil, nuts, all polyunsaturated sources of fat). These changes will alter fat
intake so that the amount of PUFA is decreased and SFA is increased. This dietary
reform may have been influenced by what society and the media perceive as a
“healthy” diet. There is some support in the present results with a significant
reduction, due to the training intervention, in % calories as fat. However, some
caution must be noted as the analysis did not pick up any reduction in intake of fat in
grams.

Figures 5.1 and 5.2 indicate that the two groups differed in their %SFA and
%PUFA intake at baseline, with the RT group consuming more PUFA and less SFA.
However this difference did not appear to be related to any other measures in this
thesis.
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Also figure 5.1 shows that the variation in the measurement of % PUFA for
pre-intervention intake was far greater than the post-intervention intake. This suggests
that the within group range of % PUFA intake for both groups is less following the
intervention. This could be due to the fact that they are not properly reporting their
intake of fat or that they were eating less fat than they were in the pre-intervention
measurement. Either of these could be due to an intervention effect. If they are not
reporting properly it maybe because they don’t want to be perceived by the
interviewer as a fat eater and if they are not eating as much fat it maybe because they
are becoming more health conscious following the commencement of exercise. As
differences in variation between the pre and post values violates the assumptions of
the statistical analysis, homogeneity of variance test, specifically Obrien’s test was
performed. This was to determine if the variance at the two time points was
significantly different. Results of the test showed that the variance was not
significantly different.

The dietary assessment tools used in this thesis are not without their faults.
The DH is susceptible to memory lapses and perhaps, psychological tendencies to
exaggerate or minimize self described behaviour [Mahalko et al.,1985]. Also this
method is very time-consuming and relies heavily on the skills of the interviewer
[Tapsell et al.,1999]. The 7-day FR is less time consuming and requires less skill on
the part of the interviewer, but places an additional burden on the subject. The
usefulness of this method is limited to subjects who are literate and motivated
[Mahalko et al.,1985]. Also subjects may bias the information obtained by not
consuming typical amounts of food during the period in which the intake is being
recorded and may not accurately report the food that was being consumed [Pratley et
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al.,2000]. Livingston et al (1990) found that weighed food records tended to
underestimate the actual intake of individual subjects and that differences in group
means, in part, simply reflected group differences in methodological bias rather than
being caused solely by differences in food consumption [Livingston et al.,1990].

Although this thesis only examines the accuracy of the DH relative to the FR,
it is important to consider that this is not the gold standard for comparison. Ideally,
this thesis would have included markers of nitrogen intake as an adjunct to
measurements of relative performance, however due to resource and time constraints
this was not possible. In this instance the performance of the FR could be determined
since it may be that the FR in this group of individuals is inaccurate for various
reasons. These may include subject burden, compliance and portion size
determination. If this was indeed the case the performance of the DH would be
benchmarked against an inaccurate comparative method resulting in doubts about its
performance.

The results show that there were no significant differences between the means
for the diet history and 7-day food records, adding credibility to the notion that the
diet history was a relatively valid measure of dietary intake on a group level. This is
vital as the main focus of this thesis is the change in the two training groups over the
intervention period. The strength of the correlations between the diet history and the
7-day food records varied depending on the nutrient examined. With the exception of
protein intake expressed in grams, the correlations between the diet history and 7-day
food records were strong. Figure 5.3 shows that there is a large amount of variation
between the two dietary measures for protein intake in grams. Some individuals had a
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high intake reported in the DH and a low intake in the 7-day FR, and vice versa. This
suggests that the DH is not very good at ranking individuals for protein intake in
grams, however it is much better for protein as percent energy. The main focus of this
thesis was changes in dietary fat intake, in this instance the correlations for the fat
measures were sound. This suggests that the diet history is able to rank individuals
according to fat intake in the same way as the food record.

Bias calculations showed that all data points for each measurement fell within
the limits of agreement, suggesting that the 7 day food record and the the diet history
were in accordance. Significant relationships between bias and mean intake were seen
for both PUFA and SFA, with bias moving from negative to positive with increasing
% intake (% of total fat intake) for both of these nutrients. Variation in PUFA
reporting, may be due to the fact that intake is highly variable, it is found in
vegetables, fish, nuts and different oils. Therefore due to its ubiquitous nature dietary
intake of PUFA is difficult to measure and report when consumed in high quantities.
Similarly SFA is a fat that is found in a wide range of foods. Also most snack foods
usually contain SFA, therefore if snack foods are not being reported the levels of SFA
in the diet will be misrepresented. Also SFA is associated with bias due to social
implications, as it is thought to be related to obesity [Martin et al.,2002]. Low SFA
eaters may be more conscious of their weight and diet and therefore more prone to
social bias causing them to under report.

Cut off limits for reported energy intake show that as a group the subjects in
this study are under-reporting their dietary intake in both dietary methods. 24 hour
urine nitrogen levels is one method that can be used to determine if individuals are
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under-reporting as it measures how much nitrogen subjects are eating. This method
was not used in this study due to the already heavy subject burden. It is very difficult
to remove underreporting however the underreporting seen in this study was not
exaggerated. Equally, expressing values as a percentage of energy intake dilutes the
effect of under reporting [Smith & Jobe,1994]. The main findings of this thesis in
terms of dietary intake are based on percentage energy intake.

It is impossible to exclude the presence of errors in the dietary measurements,
however it appears that the diet history provides a good estimate of the subject
macronutrient and energy intake relative to the 7 day food record. The findings of this
study suggest that the subjects decreased their percentage PUFA intake (as a % of
total fat intake) and increased their percentage SFA intake (as a % of total fat intake),
without a significant change in total fat intake. A previous study has shown that a diet
with a high proportion of saturated fat had a detrimental effect on insulin sensitivity,
while a diet with a high proportion of monounsaturated fatty acids had a favourable
effect on insulin sensitivity [Vessby et al. 2001]. Incidentally this was only seen in
individuals whose total fat intake was below 37% of their total energy intake. This
indicates that the influence of dietary fat intake on insulin sensitivity is not solely due
to the proportion of fat sub types. As the subjects in this study are increasing their
SFA intake, decreasing their PUFA intake and their total fat intake as a percentage of
total energy intake is below 37%, this may lead to a deleterious effect on their insulin
sensitivity.

Therefore the exercise intervention in this study may be driving an
improvement in insulin sensitivity, phospholipid membrane composition and muscle
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triglyceride composition, however the change in diet intake may be countering this.
This poses the question that if the change in diet fatty acid profile was a favourable
one would we have seen a bigger change in insulin sensitivity and a greater change in
the fatty acid composition of the muscle membranes and muscle triglyceride.
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CHAPTER 6
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CHAPTER 6. EFFECTS OF EXERCISE ON MEMBRANE
PHOSPHOLIPID COMPOSITION AND DIET
SELECTION IN RATS

6.1 Introduction
The previous chapter showed that in response to a supervised exercise
intervention program humans change their dietary intake; unfortunately in a negative
way. This is possibly due to social pressure and influences from the media. This
chapter will look at the effect of exercise on the composition of muscle membranes
and muscle triglyceride levels, as well as fatty acid diet selection in a model where
social pressures and influences from the media are not an issue.

The membrane phospholipid composition of skeletal muscle is thought to
affect the insulin sensitivity of the cell, as muscles with membranes that are more
unsaturated have been shown to be more insulin sensitive [Borkman et al.,1993;
Vessby et al.,1994; Pan et al.,1995; Luo et al.,1996]. An interesting finding by Helge
et al. [Helge et al.,1999] showed that exercising rats exhibited membranes that were
less unsaturated than those of sedentary controls. A possible reason for this is that
during exercise unsaturated fatty acids are preferentially used as an energy source
leaving the membranes more saturated [Raclot & Groscolas,1993]. If higher levels of
unsaturated fatty acids in the membranes do increase the insulin sensitivity of the cell,
this suggests that exercise has a negative effect on insulin sensitivity through the
depletion of unsaturated fatty acids in the membranes.
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If this is true why then do trained athletes in comparison to sedentary
individuals exhibit higher levels of unsaturated fatty acids [Thomas et al.,1977]. Also
human training studies have shown that exercise leads to an increase in the
unsaturation of skeletal muscle membranes [Andersson et al.,2000; Helge et
al.,2001]. One possible reason is that the humans may alter their dietary fatty acid
intake to replenish the fatty acids that they are losing. They may do this as a
component of a “healthy” lifestyle or more intriguing is the possibility that there is a
hemeostatic feedback mechanism which links intake preference to tissue
requirements; ie, an intrinsic drive to increase dietary unsaturated fatty acid intake to
match loss due to use during exercise.

The aim of the study is to examine the effect that exercise has on the
membrane phospholipid fatty acid composition and muscle triglyceride fatty acid
composition of rat skeletal muscle, as well as their dietary fatty acid selection. The
hypothesis is that exercising rats, compared to sedentary, will increase the proportion
of diet containing more unsaturated fatty acids as a homeostatic phospholipid
regulatory mechanism to compensate for unsaturated fatty acids preferentially used
during exercise.

6.2 Methods
The experiments outlined in this chapter were approved by the University of
Wollongong Animal Experimentation Ethics Committee and complied with the
NH&MRC of Australia guidelines for the care and use of animals for research
purposes.

Figure

6.1

is

a

summary

of

the

experimental

design.
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Figure 6.1. Outline of the rat study design
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6.2.1 Animals

Twelve Female Wistar rats (initial wt. 213-240 g) were obtained from the
Animal Resource Centre (Perth, Australia) and housed singly at 21 ± 2oC (12:12-hr
light/dark cycle, 1800-0600 hr dark cycle). Following their arrival rats were kept on a
standard chow diet (Young Stock Feeds, Young, Australia) for 1 week. Animals were
then randomly allocated into 2 groups, a sedentary control group (n = 6, SED) and an
exercise group (n = 6, EX), performing voluntary wheel cage running.

6.2.2 Housing

Animals in the SED group were housed singly in a boxed cage (L 40cm x W
25cm x H 22cm) for the duration of the experiment. The animals in the EX group
were housed individually in a similar boxed cage (L 40cm x W 25cm x H 22cm) with
access to a purpose-built running wheel. Rats in the exercise group were given free
access to the wheel at all times during the 34 day experimental period. The distance
that the rats ran each day was measured using a counter connected to the wheels.
Recordings of distances run were made daily. The control animals remained in their
cages over the entire experimental period. Rats in both groups were handled each day
when new food was placed in their cages.
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6.2.3 Diet
Rats were presented with the choice of 2 diets, a saturated high-fat diet (SAT)
and an unsaturated high-fat diet (UNSAT). Table 6.1 details the composition of each
diet. The 2 diets were identical in micro or macro-nutrient composition except for the
type of fat used. The SAT diet contained olive oil and edible tallow, while the
UNSAT diet contained these 2 fats as well as linseed oil. Linseed oil was used in the
unsaturated fat diet rather than fish oil in attempt to make the 2 diets similar in taste
and texture. The inclusion of fish oil would have greatly affected the palatability of
the unsaturated diet thus may have affected the rat’s dietary preference.

The entire testing period lasted for 43 days. The first 8 days of the experiment
were used to establish baseline diet consumption for each animal, during which time
both groups remained sedentary. The first 2 days of the baseline period 1 group was
presented only with the SAT diet while the second group was presented only with the
UNSAT diet. This was reversed over the next 2 days. This was to insure that rats
would eat both diets. The final 4 days of baseline all rats were presented with both
diets, 30 grams of each diet was placed in their cages each day. During the exercise
period (34 days) animals in both groups had ad libitum access to both diets and water
for the entire testing period. Diets were freshly prepared every 3 days and stored at
4oC. Animals were presented with fresh diet each day and the amount of each diet
remaining was recorded, as was spillage.

Consumption = amount of diet placed in cage – (remaining diet + spillage)
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TABLE 6.1. Rat Diet Composition

Protein, % of energy
Gelatin, g

SAT
20.5
50

UNSAT
20.5
50

L-Methionine, g
Casein, g

3
223

3
223

Carbohydrate, % of energy
Sucrose, g
Cornstarch, g
Fibre, g

22.7
85
169
51

22.7
85
169
51

Fat, % of energy
Edible Tallow, g
Olive Oil, g
Linseed oil, g

56.8
220.2
118.8
0

56.8
37.2
227
74.5

13
67
100

13
67
100

Vitamin Mix, g
Mineral Mix, g
Water (H2O), g

Unsaturation Index
59.8
121.5
n3/n6 Ratio
0.03
1.01
1 Diet ingredients values are g/kg diet. Abbreviations: SAT: high-fat diet containing
predominantly saturated fatty acids, UNSAT: high-fat diet containing predominantly
unsaturated fatty acids. L-Methionine (L-2-amino-4-(methylthio)butanoic acid), n3
(Omega 3 fatty acids), n6 (Omega 6 fatty acids).
2 Vitamin Mix contained (per kilogram of vitamin mix) 3g thiamine mononitrate, 3g
riboflavin, 3.5g pyridoxine HCL, 1g nicotinamide, 8g D-calcium pantothenate, 1g
folic acid, 0.1g D-biotin, 5mg cyanocobalamin, 12.5mg cholecalciferol, 25mg
acetamenaphthone, 600mg retinyl acetate, 22g all-rac-a-tocopherol acetate and 10g
choline chloride.
3 Mineral Mix contained (per kilogram of vitamin mix) 30.5g MgSO4.7H2O, 65.2g
NaCl, 105.7g KCL, 200.2g KH2PO4, 38.8g MgCO3.3H2O, 40.0g FeCH3O2.5H2O,
512.4g CaCO3, 0.8g KI, 0.9g NaF, 1.4g CuSO4.5H2O, 0.4g MnSO4 and 0.05g CaNH3.
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6.2.4 Tissue Extraction

At the conclusion of the exercise period, rats were removed from the running wheels.
Both groups remained sedentary and fasted for 24 hours before they were killed with
an intra-peritoneal injection of Pentobarbitone Sodium (6 mg/100 g of body weight of
Nembutal, Abbott, Sydney, Australia). Red quadriceps muscle was removed, freezeclamped and placed in liquid nitrogen. Tissues were stored at –800C until analysed.

6.2.5 Phospholipid fatty acid and Triglyceride fatty acid composition.

The red quadriceps muscle was analysed for membrane phospholipid fatty
acid and muscle triglyceride fatty acid composition. The procedure used for rats was
the same as that used for humans outlined in section 4.3.3.
6.2.6 Statistics
Results are expressed as mean ± SEM. Statistical analysis was conducted using JMP
statistical package version 3.2.2 (SAS Institute Inc. Cary, NC). Paired T-tests were
used to determine differences between means. Correlations were performed for
relationships between dietary intake, distance run and changes in body weight. A 2way repeated measures ANOVA was used to determine differences in diet intake
between the two groups. As dietary consumption of PUFA was hypothesised to
increase in response to depletion of the PUFA content in the membranes following
exercise [Helge et al. 1999], dietary data was analysed using a one tailed hypothesis
tests.
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6.3 Results
6.3.1 Body Weight

Before the commencement of the study, the average body weight for the SED
and EX group was 272 ± 7g and 261 ± 4g respectively. These baseline values were
not significantly different. Over the testing period, body weight increased
significantly in the SED group by 15% to 311 ± 7 g (p<0.05) and by 6% to 276 ± 4 g
(p<0.05) in the EX group. The within group increase in body weight in the SED group
was significantly greater than the EX group (p<0.05). Also, final body weight for the
SED group was significantly greater than the EX group (p<0.05). Figure 6.1 shows
the average body weights of the exercise and control groups before and after the study
period.
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Figure 6.2: Change in total body weight for both groups over the study period. Points
are mean values with their standard errors represented by vertical lines. * = P<0.05.
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6.3.2 Running Distance
At the completion of the study the distance covered by the animals in the
exercise group ranged from 216 to 350 km. The average running distance per day for
the exercise group over the course of the study (34 days) was 8.7 ± 0.7 km/day (range
6.4 – 10.3 km/day). The average distance run per day increased as the study
progressed. During the first 11 days of the study the average distance run per day was
2.7 ± 0.5 km/day, this increased significantly to 10.7 ± 1.1 km/day (P<0.05) over the
next 11 days and increased again to 12.3 ± 0.7 km/day over the last 11 days (figure
6.2).
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Figure 6.3: Average distance run for the exercise group over the study period. Points
are mean values with their standard errors represented by vertical lines.
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6.3.3 Membrane Phospholipid Composition

Table 6.2 shows the phospholipid fatty acid composition of the red quadricep
muscle for the SED and EX groups. When compared to the sedentary rats the
exercising rats had significantly higher levels of oleic acid (18:1n-9), linoleic (18:2n6), gamma-linolenic (18:3n-6), alpha-linolenic (18:3n-3) and eicosapentanic (EPA)
(20:5n-3). The following composite measures were also significantly higher in the
EX group; unsaturated fatty acid content (%), sum of monounsaturated fatty acids,
sum of n-9 fatty acids, sum of n-6 fatty acids and the n-6/n-3 ratio. In addition the EX
group in comparison to the sedentary group had significantly lower levels of palmitic
acid (16:0), arachidonic acid (20:4n-6) and docosahexaenoic acid (22:6n-3). The
composite measures, sum of n-3 fatty acids, sum of 20-22 carbon polyunsaturated
fatty acids and unsaturation index (UI) were also lower in the EX group compared to
the SED group.

6.3.4 Skeletal Muscle Triglyceride content

There was no significant difference in the skeletal muscle triglyceride fatty
acid composition between the two groups (Table 6.3).
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Table 6.2. Phospholipid Fatty Acid composition of Red Quadricep muscle in
sedentary and voluntary exercising rats
Fatty Acid

SED

EX

16:0

19.1 ± 1.6

15.8 ± 1.5*

15.4 ± 0.8

16.9 ± 1.0

17:0
18:0

0.5 ± 0.02

0.5 ± 0.02

% Sat

35.1 ± 0.8

33.2 ± 0.8*

16:1 (n-7)

0.8 ± 0.1

0.7 ± 0.1

9.8 ± 0.3

13.3 ± 0.8*

13.0 ± 0.2

16.5 ± 1.1 *

0.3 ± 0.02

0.4 ± 0.05 *

17:1 (n-7)
18:1 (n-9)
18:1 (n-7)
18:2 (n-6)
18:3 (n-6)
18:3 (n-3)
20:3 (n-9)
20:3 (n-6)
20:4 (n-6)
20:3 (n-3)
20:5 (n-3)
22:4 (n-6)
22:5 (n-6)
22:5 (n-3)

0.7 ± 0.04
2.7 ± 0.1

0.1 ± 0.02
0.3 ± 0.01
0.8 ± 0.02

0.7 ± 0.1
2.9 ± 0.2

0.2 ± 0.03 *
0.3 ± 0.02
0.7 ± 0.06

12.9 ± 0.2

10.7 ± 1.1*

0.7 ± 0.05

0.9 ± 0.1*

0.2 ± 0.02

0.2 ± 0.03

0.2 ± 0.02

0.1 ± 0.01

2.2 ± 0.2

2.6 ± 0.1

0.2 ± 0.01

0.2 ± 0.03

19.9 ± 0.5

16.2 ± 0.5*

% Unsat

64.9 ± 0.8

66.8 ± 0.8*

∑ mono

14.3 ± 0.2

17.8 ± 0.8*

∑ (n-7)

4.2 ± 0.2

4.3 ± 0.2

22:6 (n-3)
24:1 (n-9)

∑ (n-9)

0.2 ± 0.02

10.3 ± 0.3

0.2 ± 0.02

13.8 ± 0.8*

∑ (n-6)

27.1 ± 0.3

28.4 ± 0.4*

n-6/n-3

1.2 ± 0.02

1.4 ± 0.04*

∑ (n-3)
∑ C20-22 PUFA
UI

23.3 ± 0.5
37.2 ± 0.5

232.2 ± 3.5

20.3 ± 0.6*
31.8 ± 1.8*

214.9 ± 5.5*

Values are means ± SEM, SED (n=6) and EX (n=6). Abbreviations: ∑Sat: sum of saturated fatty acids,
∑ mono: sum of monounsaturated fatty acids, ∑ (n-9) sum of all n-9 fatty acids , ∑ (n-7) sum of all n-7
fatty acids, ∑ (n-6) sum of all n-6 fatty acids, ∑ (n-3) sum of all n-3 fatty acids, n-6/n-3: ratio between
all n-6 and all n-3 fatty acids, ∑ C20-22 PUFA: sum of long chain polyunsaturated fatty acids with >=
20 and <= 22 carbon units. * = significant difference between the trained and control groups (P<0.05)
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Table 6.3. Skeletal Muscle Triglyceride Fatty Acid composition of Red
Quadricep muscle in sedentary and voluntary exercising rats
Fatty Acid

SED

EX

16:0

23.2 ± 5.1

25.2 ± 4.0

5.8 ± 0.41

5.7 ± 0.3

17:0
18:0

0.6 ± 0.1

0.5 ± 0.02

% Sat

29.6 ± 4.7

31.5 ± 3.8

16:1 (n-7)

2.1 ± 0.2

2.0 ± 0.2

42.1 ± 2.7

41.3 ± 3.2

8.9 ± 0.5

9.1 ± 0.7

17:1 (n-7)
18:1 (n-9)
18:1 (n-7)
18:2 (n-6)
18:3 (n-6)
18:3 (n-3)
20:3 (n-9)
20:3 (n-6)
20:4 (n-6)
20:3 (n-3)
20:5 (n-3)
22:4 (n-6)
22:5 (n-6)
22:5 (n-3)
22:6 (n-3)

2.4 ± 0.8
3.5 ± 0.3
0.1 ± 0.1
2.0 ± 0.1

2.0 ± 0.5
3.4 ± 0.3
0.2 ± 0.1
2.6 ± 0.4

0.04 ± 0.02

0.07 ± 0.03

1.5 ± 0.3

1.1 ± 0.2

0.1 ± 0.06
0.0 ± 0.0
0.6 ± 0.3
0.3 ± 0.1
0.3 ± 0.2
1.7 ± 0.5
4.1 ± 1.2

0.2 ± 0.04
0.0 ± 0.0
0.3 ± 0.1
0.1 ± 0.1
0.2 ± 0.1
1.9 ± 0.3
3.9 ± 0.8

0.6 ± 0.4

% Unsat

70.4 ± 4.7

0.3 ± 0.03

∑ Mono

50.7 ± 3.1

48.7 ± 3.5

∑ (n-9)

42.7 ± 2.6

41.6 ± 3.2

24:1 (n-9)

∑ Poly

∑ (n-7)

20.3 ± 2.7
8.1 ± 1.0

68.5 ± 3.8

20.0 ± 1.5
7.3 ± 0.6

∑ (n-6)

11.3 ± 0.8

10.9 ± 0.8

n-6/n-3

1.6 ± 0.3

1.3 ± 0.1

∑ (n-3)
∑ C20-22 PUFA
UI

8.4 ± 1.9
8.7 ± 2.2

120.2 ± 13.6

8.7 ± 0.9
7.7 ± 1.2

116.4 ± 6.5

Values are means ± SEM, SED (n = 6) and EX (n = 6). Abbreviations: ∑Sat: sum of saturated fatty
acids, ∑ mono: sum of monounsaturated fatty acids, ∑ poly: sum of polyunsaturated fatty acids, ∑ (n9) sum of all n-9 fatty acids , ∑ (n-7) sum of all n-7 fatty acids, ∑ (n-6) sum of all n-6 fatty acids, ∑ (n3) sum of all n-3 fatty acids, n-6/n-3: ratio between all n-6 and all n-3 fatty acids, ∑ C20-22 PUFA:
sum of long chain polyunsaturated fatty acids with >= 20 and <= 22 carbon units.
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6.3.5 Rat Dietary consumption
During the baseline period the total intake of diet (grams) was not significantly
different between the two groups. Also the average total intake (grams) for both
groups over the 34 day experimental period did not differ between the two groups.
When the testing period was broken up into 3 time periods (1-11days, 12-22 days and
23 – 34 days), it showed that the amount consumed by the exercising rats varied
significantly. During the first 11 days, rats in the exercise group ate significantly less
(p<0.05) than the control rats. The following 11 days there was no difference in the 2
groups, while during the final 12 days of the study, there was a trend for the
exercising rats to eat more than the control group (P = 0.09)(Figure 6.3).

Control Group
Exercise Group
28

Total dietary intake (grams)

26
24
22
20
18
16

*

14
12
10
8
Baseline

0-11 Days

12-22 days

23-34 days

Time Period

Figure 6.4: Average daily intake of diet in grams for both group over the study
period. Points are mean values with their standard errors represented by vertical lines.
* = P<0.05.
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Table 6.4 shows the change in dietary consumption for both groups over varying
periods of the experiment. There was no significant difference in diet preference
(which diet was eaten) between the exercise group and the sedentary group during the
baseline period. When diet preference during the experimental period was examined
following correction for baseline intake, a one tailed 2-way repeated measures
ANOVA showed a significant (p = 0.03) difference in diet intake for the two groups
over time, with the exercise group consuming a higher % of the unsaturated diet. This
relationship is represented graphically in Figure 6.4.

Table 6.4. Percentage intake of each diet for both groups over different time
periods throughout the study
Time Frame

Group

% Unsaturated

% Saturated Diet

Diet

Baseline
0-34 days
(Entire study

SED

62.9 ± 7.1

37.1 ± 7.1

EX

65.1 ± 5.2

34.9 ± 5.2

SED

59.5 ± 5.4

40.5 ± 5.4

EX

71.7 ± 5.3

28.3 ± 5.3

SED

59.9 ± 5.6

40.1 ± 5.6

EX

70.9 ± 5.1

29.1 ± 5.1

SED

60.2 ± 4.9

39.8 ± 4.9

EX

72.6 ± 6.5

27.4 ± 6.5

SED

58.4 ± 6.4

41.6 ± 6.4

EX

71.6 ± 5.0

28.4 ± 5.0

period)
0-11 Days

11-22 Days

22-34 Days
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% Unsaturated Fat Diet Intake
(corrected for baseline intake)
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Figure 6.5: Average percentage intake of unsaturated fat diet for both groups over the
study period after correction for baseline intake.

The total distance run by individual rats in the exercise group varied quite
significantly. To examine if this had an impact on their dietary intake we included the
distance covered by the rats as a covariate in the 2-way repeated measures ANOVA.
Results showed that there was a significant effect (F(1,9) = 5.287, P = 0.024) of
running distance on diet selection, with the greater the distance run the more
unsaturated diet being consumed.
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6.4 Discussion

At the commencement of the study there was no significant difference in body
weight between the two groups. Over the course of the experiment the body weight of
each group increased significantly. As expected the increase in body weight was
significantly greater in the sedentary group compared to the exercise group.

The average distance run per day over the study period was 8.7 ± 0.7 km/day.
As the study progressed the distance that the rats ran each day increased. This may
have been due to the rats becoming more familiar and comfortable with the running
wheels, also over time the fitness level of the rats would have increased allowing them
to run progressively further.

Cross sectional studies show that the UI of the membrane phospholipid
composition of endurance trained athletes is greater than that of untrained individuals
[Thomas et al.,1977; Andersson et al.,2000]. This is supported by the results from the
human study in this thesis and another human training study [Helge et al.,2001],
which shows that exercise training leads to an increase in the UI of the phospholipid
composition of skeletal muscle. In contrast to these findings the results of this animal
study show that the exercising rats had a decrease in their UI and the percentage of
long chain fatty acids with in skeletal muscle membranes. These changes will result in
a membrane that is less fluid, which is thought to be detrimental to insulin sensitivity.
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Many of the changes in the membrane phospholipid composition of red
quadriceps muscle seen in this thesis were also seen in another animal study
conducted by Helge and colleagues [Helge et al.,1999]. Both studies saw a decrease
in palmitic acid [16:0] and an increase in stearic acid [18:0], however the increase in
stearic acid [18:0] in our study was not significant. Also both studies saw an increase
in linoleic acid [18:2(n-6)] and oleic acid [18:1(n-9)], and a decrease in arachidonic
acid [20:4(n-6)], the sum of C20-C22 PUFA, and UI. There were a number of changes
in our study that were not seen in the Helge study. These were, significant increases
in ã-linolenic [18:3(n-6)] and á-linolenic [18:3(n-3)], as well as a decrease in DHA
[22:6(n-3)].

Interestingly rat membranes in the exercise group had a greater percentage of
unsaturated fatty acids than the sedentary group, yet their UI was lower. This is due to
the fact that the increase in total unsaturated fatty acid content came from increases in
short chain fatty acids, which contain fewer double bonds than the long chain fatty
acids. The mechanism behind this maybe related to the availability of long chain fatty
acids in the diet. The unsaturated diet in this study contained linseed oil, which is high
in á-linolenic acid [18:3(n-3)]. The conversion of this fatty acid to longer chain fatty
acids such as DHA [22:6(n-3)] is a process involving 3 desaturase steps. If the
exercise depleted the membranes of DHA [22:6(n-3)], it may have been difficult to
replenish this from the fatty acids in the diet, resulting in a membrane low in long
chain fatty acids. If the rats were given EPA [20:5(n-3)] or DHA [22:6(n-3)] in their
diet, it is possible that the exercise may not have lead to a reduction in UI. Likewise in
the Helge study [Helge et al.,1999], dietary unsaturated fatty acids came from canola
oil. This is high in oleic acid [18:1(n-9)], which under normal conditions is not
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converted to PUFA, and linoleic acid [18:2(n-6)], which can be converted to
arachidonic acid [20:4(n-6)] after 2 desaturase steps. Both studies found that exercise
preferentially depleted the membranes of long chain unsaturated fatty acids, however
it would be interesting to see if this was the case when the diet was supplemented with
very long chain fatty acids such as EPA and DHA.

It is not clear as to the reason for the slight variation in the results between our
study and that of Helge et al. [Helge et al.,1999], however it may be due to the
difference in protocol between the two studies. For instance, the rats in each study
were consuming different diets, however in the Helge study [Helge et al.,1999] it
appeared that diet did not affect changes in membrane phospholipid composition due
to exercise, as three different diet groups (saturated, mono-unsaturated, carbohydrate)
all showed similar changes in response to exercise. The main difference between the
two studies was the exercise stimulus. In the Helge study [Helge et al.,1999] the rats
were running on a motorised treadmill with a rear electric shock grid, for 60 min, 6
days/week for 4 weeks, running at a rate of 28 m/min at an incline of 10o, while the
rats in our study were performing voluntary exercise in running wheel cages. It is
difficult to comment on the running patterns of the rats in this thesis as we only
measured the total distance ran, however from observing the rats running in the wheel,
they usually ran in very fast short bursts of activity. As the exercise stimulus in the
Helge [Helge et al.,1999] study was continuous and steady, it is possible that the two
training protocols relied on different energy systems to fuel the exercise, and possibly
affecting their use of membrane phospholipids for energy.
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A study that did use the same exercise stimulus (voluntary wheel running)
found that after 45 days of voluntary exercise significantly reduced the level of DHA
[22:6(n-3)] content in rat soleus muscle [Kriketos et al.,1995]. However this was the
only significant change in the phospholipid fatty acid composition. The researchers
observed no significant changes in the extensor digitorum longus (EDL) muscle. It is
not obvious as to the reasons behind the difference in the degree of change in this
study and ours. The lack of significant change in the Kriketos study [Kriketos et
al.,1995] could not be due to an inadequate exercise stimulus as the rats on average
ran further each day (11.18 ± 3.27 km/day vs 8.7 ± 0.7 km/day) and ran for a longer
period than the rats in our study (45 days vs 34 days). However, the rats in the
Kriketos study [Kriketos et al.,1995] were fed ad libitum a synthetic highcarbohydrate diet, while the rats in our study had the choice of two high fat diets. It is
possible that the animals may have a certain threshold of fat intake that is needed in
order to see major alterations in membrane phospholipid composition, and that was
not reached in the Kriketos study. Also the muscles sampled in each of these studies
were different. The Kriketos [Kriketos et al.,1995] study looked at the soleus and
EDL muscles, while our study looked at the red quadriceps muscle. It is possible that
the soleus and EDL muscles are more resistant to alterations in membrane
phospholipid composition induced by exercise. A potential reason for this maybe due
to differences in the fibre type of these muscles, compared to red quadriceps muscle.
Soleus muscle has been shown to be extremely high in Type I muscle fibres (90%)
[Karpati & Engel,1967] and EDL is very high in type II muscle fibres (Type I = 2.9%,
Type IIa = 47%, Type IIb = 50%)[Kriketos et al.,1995], while red quadricep muscle
has a more even mixture of the two fibres (Type I 56%, Type IIa 35%, Type IIb
9%)[Armstrong & Phelps,1984]. However Helge and collaegues [Helge et al.,1999b]
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showed significant changes in membrane phospholipid composition following
exercise training in a wide range of rat muscles with varying muscle fibre types.
During both the baseline and exercise period the amount of diet eaten per day
by each group was not significantly different. When the 34 day exercise period was
broken up into 3 time periods (0-11, 12-22, 23-34 days) it showed that the amount of
diet eaten by the rats in the exercise group varied significantly, while the intake of the
sedentary group did not change. Over the first 11 days there was a significant drop in
the amount eaten by the exercise group so that they were consuming less than the
sedentary group. Over the next 11 days the exercising rats increased their intake so
that there was no difference between the two groups. The last 11 days of the study,
total diet intake increased again in the exercise group, however the trend to higher
intake did not reach statistical significance. The initial drop in dietary intake over the
first 11 days is possibly due to the change in environment. The rats may have taken
time to adjust to the running wheel cages and this may have affected their appetite.
Over the remainder of the study the exercising rats steadily increased their diet
consumption so that by the end of the study they were eating more than the sedentary
group. This was possibly due to the increased energy expenditure resulting from the
augmented running distances.

The diet selection of the two groups was not significantly different during the
baseline period. Interestingly, when diet selection during the experimental period was
examined after correcting for baseline intake, there was a significant effect of group
on diet preference, with the exercising rats consuming more of the unsaturated fat
diet. If exercise led to an increase in unsaturated fat intake due to a homeostatic drive
to replace unsaturated fatty acids used during exercise, then one might expect a
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greater PUFA intake in those rats running the furthest. Indeed, this was the case.
When distance ran by each rat was included as a covariate in the 2 way repeated
measures ANOVA, we observed a significant effect of distance run on diet selection,
with the greater the distance ran, the more of the unsaturated fat diet consumed. This
supports the notion that the increased intake of unsaturated fat by the exercising rats,
is due to an intrinsic drive to try and replenish the unsaturated fatty acids that they are
losing from their membranes.

The relationship between insulin sensitivity and muscle phospholipid fatty
acid composition, is well established, with a more unsaturated fatty acid profile linked
to improved insulin sensitivity. However a decrease in the UI of the exercising rats
suggests that exercise may attenuate its beneficial effect on insulin sensitivity through
detrimental alterations in membrane phospholipid composition. These results support
previous findings indicating that exercise preferentially mobilizes and oxidizes
unsaturated fatty acids [Raclot & Groscolas,1993; Mougios,1995; Halliwell et
al.,1996]. Moreover, it appears that the exercising rats intrinsically altered their fatty
acid intake in an attempt to reverse this depletion. This was not the case in the human
study with the human subjects reducing their unsaturated fatty acid intake. The
possible reason for this discrepancy is that in humans any possible intrinsic drive may
be drowned out by social influences on our dietary habits. Also the exercise had a
very different effect on the membranes of rats compared to humans, with exercise
training leading to an increase in membrane fluidity in human subjects. Therefore as
the human subject’s membranes were not being depleted of unsaturated fatty acids it
is possible that any intrinsic drive may not have been engaged. When comparing the
findings of the rat and human studies it must also be considered that the rats in this
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study did a comparatively huge amount of exercise and the exercise protocol in the
Helge study [Helge et al.,1999] was also extremely intense (60 mins/day, 28 m/min,
10% incline, 6 days/wk). Therefore this depletion of unsaturated fatty acids in the
membranes may be due to how arduous the training program was. It would be
interesting to see if the effects of exercise on muscle membrane phospholipid
composition was similar between human and rats if their exercise protocols were
comparable in the total amount of work done. In addition if they did show similar
changes in membrane composition would they exhibit similar dietary alterations.
Finally it is also possible that the difference in the response to exercise training, is
purely a species effect.
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CHAPTER 7
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CHAPTER 7. CONCLUSIONS AND FUTURE
DIRECTIONS
This thesis aimed to investigate the relationship between exercise training and
insulin sensitivity. Specifically it looked at the whether the improvement in insulin
sensitivity following resistance or aerobic exercise training is still present 72 hours
after the last bout of exercise. Also it examined what type of exercise, resistance or
aerobic had a greater effect on insulin sensitivity. In addition some of the possible
mechanisms behind the improvement in insulin sensitivity seen after exercise training
were investigated. Further-more the effect of exercise training on dietary intake in
both rats and humans was investigated. Clarification of these issues was considered
important to further the understanding of how exercise may be used as a therapeutic
tool in the prevention and treatment of Type II diabetes.

7.1 Effect of Exercise on Insulin Sensitivity
7.1.1 Are the beneficial effects of aerobic and resistance exercise training on
insulin sensitivity still present 72 hours after the last exercise bout?

It was hypothesised that both aerobic and resistance exercise training would
lead to a significant improvement in peripheral insulin sensitivity 72 hours after the
last exercise bout. However, as glucose infusion rate during the euglycemic
hyperinsulinemic glucose clamp did not change significantly over the training period
in either group, it appears that there was no change in the subject’s peripheral insulin
sensitivity at the measured time point and this hypothesis was not upheld. This
suggests that any increase in peripheral insulin sensitivity following both resistance
and aerobic exercise training protocols is more related to the last exercise bout.
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A possible implication of this finding is that individuals looking to maximise
the benefit of exercise on insulin sensitivity should aim to exercise regularly, as
cessation from exercise training for more than 72 hours will see any augmented level
of insulin sensitivity return to normal.

It was also hypothesised that both aerobic and resistance exercise training
would lead to a significant improvement in hepatic insulin sensitivity 72 hours after
the last exercise bout. The findings of this study do uphold this hypothesis and suggest
that both aerobic and resistance training lead to a benefit in hepatic insulin sensitivity
72 hours after the last exercise bout. This is a novel finding and may have been
overlooked in the past as few studies measure insulin resistance under basal
conditions using the HOMA technique.

Further research is required to investigate the precise timing when the effect of
exercise training on insulin sensitivity is no longer present. To do this an exercise
training study needs to be set up to look at a number of time periods after the last
exercise bout to map the change in insulin sensitivity over time. The study will need
to control the population as well as the volume, frequency, duration and intensity of
the exercise. In addition a number of exercise training studies need to be conducted
which vary in frequency, volume, duration and intensity to determine what
combination of these result in the greatest rise in insulin sensitivity. This knowledge
will maximise the efficiency of exercise programming for diabetic and insulin
resistant individuals, as their program could then be structured so that they are
continually in a state of elevated insulin sensitivity.
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7.1.2 What type of exercise training (aerobic or resistance) has the greatest effect
on insulin sensitivity?

It was hypothesised that aerobic training would have a greater effect on
peripheral and hepatic insulin sensitivity 72 hours after the last exercise bout,
compared to resistance training. The only measure of insulin resistance that was
significantly altered by the exercise intervention was HOMA-R. Closer inspection of
the changes in HOMA-R suggest that the bulk of the intervention effect was due to
the aerobic training. However this difference was not enough to deliver a significant
group by intervention interaction.

Based on these observations it is possible that aerobic training has a greater
effect on hepatic insulin sensitivity than resistance training, an effect that warrants
further investigation.

7.1.3 What are some of the possible Mechanisms involved in the relationship
between exercise and improved insulin sensitivity?

A number of studies have shown a strong positive relationship between
obesity and insulin resistance. Therefore it is possible that a loss of body fat
associated with exercise training may be one of the mechanisms, behind
improvements in insulin sensitivity following exercise. However the evidence in this
area is conflicting. It was hypothesised that changes in body fat measures would not
be related to changes in peripheral or hepatic insulin sensitivity. The results of this
thesis supported the above hypothesis. No relationship between the change in body fat
measures and the change in peripheral or hepatic insulin sensitivity was detected.
However, as the change in body composition seen in this study was small, larger
changes may be necessary before any relationship can be determined. This is an area
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that is still very contentious in the literature, a series of tightly controlled studies need
to be performed in order to answer this question.

Change in activity of the enzyme CS was measured to provide a more
mechanistic measure of oxidative capacity in relation to changes in peripheral and
hepatic insulin sensitivity. However, as we saw a significant increase in CS activity
without a significant change in peripheral insulin sensitivity, it appears that CS may
not be the driving mechanism behind the positive effect of exercise on peripheral
insulin sensitivity. Nevertheless there was a significant correlation between the
change in CS activity and peripheral insulin sensitivity in the RT group and for all the
subjects in the study when combined as a single group. As these two variables are
changing together it is possible that CS may have an effect on peripheral insulin
sensitivity, nonetheless, if it does have an effect it is a minor one, as there was a large
increase in CS and a non significant change in peripheral insulin sensitivity.

Since we saw an increase in the hepatic insulin sensitivity of the RT and AT
group, as well as an increase in the CS activity for both groups, it is conceivable that
CS activity could be one of the mechanisms behind this increase. Even though CS is
measured in the periphery it may represent an overall biochemical training effect that
impacts on hepatic insulin sensitivity. However as there was no correlation between
the change in CS and the change in hepatic insulin sensitivity, this must remain as
speculation.

In terms of skeletal muscle phospholipid composition there did not appear to
be an obvious pattern to the changes in response to exercise. However, there was an
increase in both the sum of poly-unsaturated fatty acids and UI of both groups. Past
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research has shown that an increase in the level of unsaturated fatty acids in the
membrane is related to an increase in the cellular insulin sensitivity [Storlien et
al.,1991; Borkman et al.,1993; Vessby et al.,1994; Pan et al.,1995; Luo et al.,1996].
It was hypothesised that changes in membrane phospholipid composition will be
related to changes in peripheral and hepatic insulin sensitivity in both groups. The fact
that we did not see a change in peripheral insulin sensitivity in the presence of
favourable changes in the phospholipid membrane composition of both groups,
suggests that increasing the level of unsaturation of the membrane does not
necessarily lead to an increase in insulin sensitivity. Also further support for this
argument comes from the fact that changes in UI did not correlate with changes in any
of the measures of insulin sensitivity and the absence of a correlation between
baseline peripheral insulin sensitivity and baseline membrane phospholipid fatty acid
composition. However the effect of exercise on membrane phospholipid composition
and the effect of the membrane phospholipid composition on insulin sensitivity may
have been undermined by the negative change in diet for the two groups over the
intervention period (decreased % PUFA intake and increased % SFA intake).
Alternatively it is possible that the degree of change in phospholipid membrane fatty
acid composition may not have been of sufficient magnitude to result in a change in
insulin sensitivity.

As both membrane phospholipid composition and hepatic insulin sensitivity
showed an improvement, it is possible that membrane phospholipid composition may
have had an impact on hepatic insulin sensitivity. However, we were unable for
ethical reasons to measure lipid composition in that tissue.
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To the best of our knowledge this is the only study which has looked at the
effect of RT on muscle membrane phospholipid composition. Our results show that
resistance training leads to an increase in the levels of unsaturated fatty acids in the
membrane. In the future more research needs to be conducted in order to find out the
true effect of both of these types of training on membrane composition and its
relationship with insulin sensitivity.

It was hypothesised that changes in muscle triglyceride fatty acid composition
will be related to changes in peripheral and hepatic insulin sensitivity in both groups.
The lack of change in muscle triglyceride composition makes it difficult to determine
how it affects peripheral and hepatic insulin sensitivity, however past studies that
show significant changes in peripheral insulin sensitivity without alterations in muscle
triglyceride composition [Andersson et al.,1998]. This suggests that changes in
muscle triglyceride composition are not a driving mechanism behind improvements in
peripheral insulin sensitivity following exercise training. Interestingly we found a
significant relationship between baseline muscle triglyceride composition and hepatic
insulin sensitivity. The direction of this relationship varied depending on the fatty acid
examined, with no real pattern that was related to the level of unsaturation.

7.1.4 Effect of Exercise Training on Dietary Selection in Rats and Humans

It was hypothesised that both humans and rats would significantly increase
their consumption of PUFA and decrease their consumption of SFA in response to the
exercise stimulation. In the rat study it appears that this hypothesis is upheld with the
exercising group consuming more of the unsaturated diet following the
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commencement of exercise. An intriguing possibility for this relationship is the
presence of a homeostatic feedback mechanism linking intake preference to tissue
requirements (Figure 7.1).

Exercise

Increased
intake
of
PUFA’s

Increased oxidation
of PUFA’s

Sensory evaluation
of food

Decreased levels of
PUFA’s in
membrane

Stimulates an
intrinsic
drive to consume
more PUFA’s

Figure 7.1: The possible homeostatic feedback mechanism influencing rats
dietary intake

No homeostatic drive was evident in the humans studied, as the subjects in this
study decreased the amount of PUFA consumed and increased the amount of SFA
consumed over the 10 week training period. However it may be difficult to determine
the presence of an intrinsic drive in humans’ as there are so many extrinsic factors that
influence dietary intake. These range from advertising, latest diet research reported in
the media to socio-economic status. There is a perception that low fat intake is healthy
but lowering visible fat actually reduces the PUFA/SFA ratio in the diet. Thus in this
society it may be impossible to detect an intrinsic drive as people may no longer rely
on their instincts to control their dietary intake. In addition the fact that human

238

subjects in this study did not have a decrease in the level of unsaturation in their
membranes may not have engaged this intrinsic drive. It is possible that a more
intensive exercise training program may have depleted the membranes of unsaturated
fatty acids and stimulated the intrinsic drive to consume more PUFAs.

7.1.5 Effect of Exercise on Skeletal Muscle Membrane Phospholipid fatty acid
Composition and Skeletal Muscle Triglyceride Fatty Acid composition in rats

The results of this study showed that voluntary exercise in a group of female
Wistar rats leads to an overall decrease in the level of unsaturated fatty acids
contained within the membrane. This supports the findings of Helge et al. 1999
[Helge et al.,1999], who showed that rats performing treadmill running had a decrease
in the level of unsaturation within their muscle membranes. Also, these results are
consistent with other work showing that rats and humans mobilise and oxidise
unsaturated fatty acids for energy during exercise.

This finding is opposite to those of the human exercise training program. Our
study and the Helge study fed the rats diets that were high in linseed and canola oil.
These fats are high in long chain unsaturated fatty acids ([18:3(n-3)], [18:1(n-9)] and
[18:2(n-6]). As described in section 6.4 the conversion of these fatty acids to very
long chain fatty acids is an involved process. If the exercise did deplete the membrane
of very long chain fatty acids it may have been difficult to replenish these from the
fats available in the diet. It would be interesting in future studies to make long chain
fatty acids available in the diet and see if similar depletion patterns occur.
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Also the amount of exercise performed by the rats was far greater than that
performed by the human subjects. It is possible that a certain exercise threshold may
be needed before depletion of the unsaturated fatty acids in the membrane occurs and
the humans may have not reached this.

Equally, the exercise did not appear to have a significant effect on the fatty
acid composition of skeletal muscle triglycerides.

7.2 CONCLUSIONS
The overall findings of the study were that firstly any effects of aerobic and
resistance training on peripheral sensitivity were no longer present 72 hours after the
last exercise bout. This result suggests that the effect of exercise on peripheral insulin
sensitivity is not a chronic one. However our findings did indicate that there was a
significant effect of the exercise training on insulin sensitivity as measured using the
homeostasis model, considered to be representative of basal glucose metabolism and
reflecting hepatic insulin sensitivity.

The driving mechanism behind the effect of exercise on insulin sensitivity was
not uncovered. The lack of overall effect of either exercise program on peripheral
insulin sensitivity worked strongly against this. However we may have eliminated
some possible ones. Our results show that increased oxidative capacity of the muscle,
a small decrease in body fat, and a more unsaturated skeletal muscle membrane
phospholipid composition do not necessarily result in improvements in peripheral
insulin sensitivity. Correlations between hepatic insulin sensitivity and muscle
triglyceride levels, as well as an effect of skeletal muscle membrane phospholipid
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composition on the relationship between exercise and hepatic insulin sensitivity,
deserve further investigation.

The negative changes in the diet composition for the human subjects may have
impeded any improvements in membrane phospholipid composition and insulin action
that might have resulted from the exercise intervention. This change in dietary
consumption may have been due to the subject’s perception of a healthy diet that they
have possibly formed from social and media influences. This suggests that the wrong
message is going out to people about proper fat intake in the diet. The results also
point strongly to the need for informed and coordinate dietetic information as a major
component of the “healthy lifestyle” approach if the metabolic benefits of increased
physical activity are to be achieved.

Finally the work in this thesis uncovered a potentially exciting finding which
would seem to indicate that rats alter their dietary choice following the
commencement of voluntary exercise training. This may suggest the existence of an
intrinsic regulatory mechanism that is capable of sensing the depletion of unsaturated
fatty acids and adjusting dietary intake to combat this depletion. No other studies that
we are aware of have reported such a relationship and further research is needed to
establish if it truly exists, and to what extent it may contribute to or confound effects
of exercise intervention studies on fuel metabolism.
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